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REMARKS 



Amendments to the Claims 

The Applicants respectfully ask the Examiner to replace all prior versions and listings of 
claims in the present application with the listing of claims currently provided. Claims 35-37, 
39, 40, 43-47, 49-52, 54-61 , 64, 65, 68-72, 79, 82-84, 90-94 and 96-99 were amended, 
Claim 62 was canceled and Claims 101-123 are new. 

Amendment support for Claims 35-37, 60, 61, 79, 83, 84 and 103 can be found throughout 
the present specification, e.g., at pg. 28, H 1 ; pg. 46, H 1 ; and Table 1 . 

Amendment support for Claims 43-47, 68-72, 90-94, 101, 102, 106, 107, 115 and 116 can 
be found throughout the present specification, e.g., at pg. 13, H 3; pg. 14, H 1; pg. 17, H 2; 
pg. 94, H 4 through pg. 95„ H 1 ; and pg. 1 04, H 4 through pg. 1 07, U 1 . 

Amendment support for Claims 54-59, 108-114 and 120-123 can be found throughout the 
present specification, e.g. at pg. 10, H 3 through pg. 1 1, H 1; and pg. 19, H 2. 

Amendment support for Claims 104, 105 can be found throughout the present specification, 
e.g. at pg. 88, H 2. 

Amendment support for Claims 117-119 can be found throughout the present specification, 
e.g. at pg. pg. 83, H 2. 

Rejection Pursuant to 35 U.S.C. § 101 Obviousness-type Double Patenting 

The Examiner has provisionally rejected Claims 35, 36, 38, 39, 41, 42, 44, 45, 47, 48 and 53 
as allegedly being unpatentable over Claims 61-63, 67, 71-74 of U.S. Patent Application 
10/261,161, Fernandez-Salas, E. et al., Cell-based FRET Assays for Clostridial Toxins 
under the judicially created doctrine of obviousness-type double patenting under 35 U.S.C. § 
1 01 . The Applicants respectfully traversed. 
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According to the MPEP § 804, obviousness-type double patenting rejection is intended to 
prevent improper patent term extension of a first patent by prohibiting the issuing of claims in 
a second patent that are not patentably distinct from the claims in a first patent. 

The Applicants respectfully submit that the present patent application has a filing date of 
August 28, 2001, whereas the 10/261,161 patent application cited by the Examiner has a 
later filing date of February 27, 2002. The present application is considered the first patent 
in this case because it has the earlier filing date. Thus, the 10/261,161 patent application 
cannot be used as an obviousness-type double patenting reference against the present 
application. 

Therefore, the Applicants respectfully submit that this rejection is unsupported and request 
withdrawal of the 35 U.S.C. § 101 obviousness-type double patenting rejection for Claims 
35, 36, 38, 39, 41 , 42, 44, 45, 47, 48 and 53. 

Rejection Pursuant to 35 U.S.C. § 112, H 2 Definiteness 

The Examiner has rejected Claims 68-72 and 90-94 as allegedly being indefinite under 35 
U.S.C. § 112, H 2 arguing that these claims fail to particularly point out and distinctly claim 
the subject matter of the claimed invention. Specifically, the Examiner contends that 
dependent Claims 68-72 lack clear antecedent basis to independent Claim 60 and Claims 
90-94 lack clear antecedent basis to independent Claim 79 because the acceptor is not 
particularly defined and the steps of the dependent claims lack clear antecedent basis in the 
independent claim. The Applicants respectfully ask for reconsideration under 37 C.F.R. § 
1.111. 

The Applicants submit that amended Claim 68-72, 79 have proper antecedent basis from 
Claim 60 and amended Claim 90-94 have proper antecedent basis from Claim 79. 
Therefore, the Applicants respectfully request withdrawal of the 35 U.S.C. § 112, H 2 
indefinite rejection for Claims 68-72 and 90-94. 
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Rejection Pursuant to 35 U.S.C. § 112, U 1 Written Description 

The Examiner has rejected Claims 35, 36 and 38-59 as allegedly being indefinite under 35 
U.S.C. § 1 12, H 1 indicating that the claims contain subject matter that was not described in 
the specification in such a way as to reasonably convey to one skilled in the relevant art that 
the inventors had possession of the claimed invention at the time the application was filed. 
Specifically, the Examiner contends that the specification supports recognition sequences 
from a specific residue range, but not substrate lengths of 19, 20, 21, 22, 69 or 72. The 
Examiner also alleges that the specification fails to describe any FRET pair that provides 
energy transfer using peptides of 69 and 72 amino acids in length. The Applicants 
respectfully ask for reconsideration under 37 C.F.R. §1.111. 

Written description support for various BoNT/A substrate lengths can be found throughout 
the present specification. As a non-limiting example, substrate length ranges from at most 
20 residues, at most 40 residues, at most 50 residues, at most 100 residues, at most 150 
residues, at most 200 residues, at most 250 residues, at most 300 residues, at most 350 
residues or at most 400 residues are disclosed at, e.g., pg. 10, H 3; and pg. 19, H 2. As 
another non-limiting example, substrate lengths of 16, 19, 20, 21 , 22, 23 and 24 amino acids 
can be found in Example 1 . 

Additionally, a BoNT/A substrate of the present application comprise a BoNT/A recognition 
sequence. Thus, recognition sequence lengths of 13, 15, 16, 17, 18, 70 and 73 as 
disclosed, e.g., at pg. 37, H 3 indicate a BoNT/A substrate of at least these lengths. Further 
disclosure indicates that a BoNT/A recognition sequence can comprising a S1, a S2, a S3 
and/or a S4 a-helical motif, e.g., at pg. 25, H 3; pg. 30, H 1 through pg. 31, H 1; pg. 37, H 2 
through pg. 44, H 1 and FIG. 4A. Thus, a BoNT/A recognition sequence comprising a S1 a- 
helical motif can have a length, such as, e.g., 180-206 amino acids; a BoNT/A recognition 
sequence comprising a S2 a-helical motif can have a length, such as, e.g., 166-206 amino 
acids; a BoNT/A recognition sequence comprising a S3 a-helical motif can have a length, 
such as, e.g., 152-206 amino acids; and a BoNT/A recognition sequence comprising a S4 p- 
helical motif can have a length, such as, e.g., 56-206 amino acids. Again, since a BoNT/A 
substrate comprises a BoNT/A recognition sequence, a BoNT/A substrate must be of at 
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least these lengths. Thus, the Applicants respectfully submit that there is adequate written 
description support for the substrate lengths claimed. 

Written description support for various FRET pairs useful for the BoNT/A substrates 
disclosed in the present specification can be found throughout the present specification, 
e.g., at pg. 71, H 3 through pg. 84, H 2, Table 6 and Table 7. Additional FRET pairs were 
indicated in Haugland, Handbook of Fluorescent Probes and Research Chemicals 6th 
Edition, Molecular Probes, Inc., Eugene, Oregon, 1996, which was incorporated by 
reference in the present specification. 

The Applicants submit that amended Claims 35, 36 and 38-59 have proper written 
description support. Therefore, the Applicants respectfully request withdrawal of the 35 
U.S.C. § 1 12, H 1 written description rejection for Claims 35, 36 and 38-59. 

Rejection Pursuant to 35 U.S.C. §102 (e) Anticipation 

The Examiner has rejected Claims 60, 61, 63-68 and 74-78 as allegedly anticipated under 
35 U.S.C. §1 02(e) by James J. Schmidt and Robert G. Stafford, High Throughput Assays for 
the Proteolytic Activities of Clostridium Neurotoxins, U.S. Patent 6,762,280 (priority filing 
date Sep. 25, 2000), hereafter the "Schmidt I patent.". Specifically, the Examiner contends 
that the Schmidt I patent discloses a modified botulinum or tetanus toxin comprising three 
non-native cleavage sites and one disulfide bond cleavage site, cleavage sites being 
selected for cleavage in tissues and/or affected cells where toxicity is desired and 
undesired. The Applicants respectfully traverse this rejection and ask for reconsideration 
under 37C.F.R. §1.111. 

According to MPEP 21331, for a reference to anticipated a pending claim, that reference 
must either expressly or inherently teach each and every element of the pending claim. 

Independent Claim 60 recites, in part, "a BoNT/A recognition sequence comprising a 
BoNT/A P 5 -P4-P3-P2-Pi-Pi , -P2 , -P3 , -P4 , -P5' cleavage site region including a BoNT/A P^P/ 
cleavage site, said BoNT/A cleavage site intervening between said donor fluorophore and 
said acceptor; wherein either said donor fluorophore or said acceptor is not positioned within 
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said BoNT/A cleavage site region." The Schmidt I patent does not anticipate Claim 60 
because the peptide substrates disclosed in the Schmidt I patent contain both the donor and 
quencher within the BoNT/A cleavage site region. 

Claims 61 , 63-68 and 74-78 are all dependent on Claim 60, and as such, are also directed 
toward a BoNT/A substrate where the donor fluorophore or the acceptor is not positioned 
within the BoNT/A cleavage site region. Thus, the Schmidt I patent does not read on these 
claims for the reasons given above for Claim 60. 

Therefore, the Applicants respectfully submit that the pending claims are not anticipated by 
the Schmidt I patent and respectfully request withdrawal of the 35 U.S.C. §1 02(e) 
anticipation rejection for Claims 60, 61 , 63-68 and 74-78. 

Rejection Pursuant to 35 U.S.C. § 103(a) Obviousness 

I. Obviousness rejections over Schmidt I in view of Clegg 

The Examiner has rejected Claims 69, 70 and 73 as allegedly being obvious under 35 
U.S.C. § 103(a) over James J. Schmidt and Robert G. Stafford, High Throughput Assays for 
the Proteolytic Activities of Clostridium Neurotoxins, U.S. Patent 6,762,280 (priority filing 
date Sep. 25, 2000), hereafter the "Schmidt I patent" in view of Robert M. Clegg, 
Fluorescence Resonance Energy Transfer, 6(1) Curr. Opin. Biotech. 103-110 (1995), 
hereafter the "Clegg reference." 

The Examiner contends that it would have been prima facie obvious to a person of ordinary 
skill in the art at the time the invention was made to combine the teaching of these 
references and come up with a method of determining clostridial toxin activity as presently 
claimed in Claims 69, 70 and 73. Specifically, the Examiner argues that it would have been 
obvious to modify the quench-release assay disclosed in the Schmidt I patent to measure 
donor emissions at multiple time points because the Clegg reference teaches that FRET 
assays with double-labeled fluorescent molecules can achieve this continuous 
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measurement in order to arrive at the presently claimed invention. The Applicants 
respectfully ask for reconsideration under 37 C.F.R. §1.111. 

Schmidt I and Clegg combination changes the principle of operation of Schmidt I. 

According to MPEP §2143.01, if a proposed modification or combination of the prior art 
would change the principle of operation of the prior art invention being modified, then the 
teachings of the references are not sufficient to render the claims prima facie obvious. The 
Applicants respectfully submit that it would not be obvious for one of ordinary skill in the art 
to combine the cited references because combining the Schmidt I patent with the Clegg 
reference as suggested by the Examiner would change the principle of operation of the 
quench-release assay disclosed in the Schmidt I patent. 

The Schmidt I patent relies on a quenching assay where the fluorescence of a donor is 
prevented by a quencher, see, e.g., col. 4, lines 14-17; col 5, lines 9-15; and col 6, lines 54- 
59. Enzyme activity is measured as an increase in fluorescence because cleavage of the 
toxin substrate results in the separation of the donor from the quencher. This separation 
leads to the unquenching of the donor and a corresponding increase in donor in 
fluorescence, see, e.g., col. 5, lines 8-15; and col. 6, lines 54-62. The quenching-based 
assays disclosed in the Schmidt I patent rely on the principle of operation called radiating 
(contact) quenching. One of the hallmarks of the operative principle of radiating quenching 
is the close proximity of the donor and quencher, a distance calculated by the Stern-Volmer 
equation, see, e.g., Chapter 8 Quenching of Fluorescence, pg. 239, col. 2, Sections 8.2 and 
8.3 in Principles of Fluorescence Spectroscopy (Ed. Joseph R. Lakowicz, Kluwer 
Academic/Plenum Publisher, 2nd Ed.1999), hereafter the "Lakowicz reference." This is 
because in radiating quenching, the quenching effect occurs by the physical contact of the 
electron orbits of the donor and quencher molecules, see, e.g., the Lakowicz reference, pg. 
237, col. 1,H2. 

That the peptide substrates disclosed in the Schmidt I patent rely on radiating quenching is 
evident through the design of the peptide substrates. Close proximity of the donor and 
quencher is essential to achieve radiating quenching because this type of quenching relies 
on the physical interaction of the electron orbits of the donor and the quencher. The 
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Schmidt I patent teaches the close placement of the donor and quencher molecules of all 
disclosed peptides. For example, the Schmidt I patent discloses two 17 amino acid 
substrates with a BoNT/A cleavage site, two 35 amino acid substrates with a BoNT/B 
cleavage site, and three 39 amino acid substrates containing BoNT/ D and BoNT/F 
cleavage sites, see, e.g., col 5, line 20 through col. 6, line 53. However, despite the large 
peptide sizes, the distance of the donor from the quencher for each substrate is between 
two and five amino acids. 

Furthermore, the close proximity requirement discussed above necessitates that the donor 
and quencher be located within the P5-P5' cleavage site region of the substrate. Because 
this cleavage site region interacts with the catalytic site of the toxin, extensive mutagenesis 
work was conducted in order to identify which amino acids could be altered and still retain 
the ability to be cleaved by the toxin. For example, amino acid substitutions surrounding 
the BoNT/A cleavage site were tested using at least 56 different peptides, see, e.g., James 
J. Schmidt and Karen A. Bostian, Assays for the Proteolytic Activities of Serotype A from 
Clostridium botulinum, U.S. Patent 5,965,699 (Oct. 12, 1999), hereafter the Schmidt II 
patent. Substitution of an original amino acid with a different amino acid or an amino acid 
analog within the Ps-Ps' cleavage site more time than not resulted in an ineffective substrate 
because the resulting peptide substrate was inefficiently cleavage. This work revealed that 
only certain amino acids within the P 5 -P 5 ' cleavage site region could be altered, see e.g., col. 
5 through col 11; and Table I of the '699 patent and Table F, pg. 82, of the present 
specification. This work lead to the two BoNT/A substrates disclosed in the Schmidt I patent 
and to the conclusion that modifications to the disclosed substrates are not straightforward 
because of complex and stringent limitations placed on the location of the donor and 
quencher moieties when using a radiating principle of operation, see, e.g., col. 7, lines 1-12. 
Nowhere does the Schmidt I patent teach, suggest or motivate one skilled in the art to place 
a donor or quencher outside of the P5-P5' cleavage site region. 

The Clegg reference discusses the general utility of fluorescence resonance energy transfer 
(FRET). FRET is a non-radiating-based principle. In this principle, energy is transferred 
from one molecule to another by intermolecular long-range dipole-dipole coupling, see, e.g., 
the Clegg reference at pg. 103, col. 2, 1]1, lines 1-5; see also, the Lakowicz reference, 
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Chapter 13 Energy Transfer, pg. 367, col. 1, H1. In this principle of operation, energy 
transfer depends on the extent of spectral overlap of the donor emissions spectrum and the 
acceptors absorption spectrum, and not on the physical contact of electron orbits of the 
molecules. The optimal spectral overlap distance is calculated using the Forster equation 
and not the Stern-Volmer equation. In fact, the Clegg reference itself contrasts the radiating 
and non-radiating principles of operation, see, e.g., pg. 106, col. 1 , H3 f lines 1-15. 

Adding an acceptor fluorophore to a Schmidt I peptide would change the principle of 
operation from a quench-release assay based on a radiating principle of operation to a 
resonance energy transfer assay based on a non-radiating principle of operation. Thus, the 
Applicants respectfully submit that a prima facie case of obviousness cannot be made 
because combining the Schmidt I patent with the Clegg reference as suggested by the 
Examiner would change the principle of operation of the quench-release assay disclosed in 
the Schmidt I patent. 

Schmidt I teaches away from the claimed invention. 

According to MPEP §2143.03, to establish prima facie obviousness of a claimed invention, 
all the claim limitations must be taught or suggested by the prior art. The Applicants 
respectfully submit that it would not be obvious to combine the cited references because the 
Schmidt I patent teaches away from using an acceptor fluorophore. 

First, the Clostridial toxin substrate of dependent Claim 69, 70 and 73 recite, in part, 
"wherein said acceptor is a fluorophore." However, the Schmidt I patent teaches the use of 
non-fluorescent quenchers. The Schmidt I patent discloses peptide substrates for BoNT/A, 
BoNT/B, BoNT/ D and BoNT/F useful for quench release assays, see, e.g., col. 5, line 8 
through col 6, line 53. For example, the Schmidt I patent states, "The following are 
examples of FRET substrates for the proteolytic activities of clostridial toxins. Each contains 
a fluorescent group (fluorophore) on one side of the cleavage site, and a molecule that 
quenches that fluorescence on the other side of the cleavage site." See, col. 5, lines 8-12. 
In support of this statement, every peptide substrate disclosed in the Schmidt I patent 
contained the non-fluorescent quencher N(epsilon)-(2,4-dinitrophenyl)-lysine, see SEQ ID 
NO: 1, SEQ ID NO: 2, SEQ ID NO: 3, SEQ ID NO: 4, SEQ ID NO: 5, SEQ ID NO: 6 and 
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SEQ ID NO: 7. In addition, the Schmidt I only discloses donor-quencher pairs at col 6, line 
63-67. Thus, the Schmidt I patent teaches away from the use of acceptor fluorophores or 
donor-acceptor f luorophore pairs with its peptide substrates as suggested by the Examiner. 

Second, the Clostridial toxin substrate of dependent Claim 69, 70 and 73 incorporate by 
reference the limitations of independent Claim 60. Claim 60 recites, in part, "wherein either 
said donor fluorophore or said acceptor is not positioned within said BoNT/A cleavage site 
region as discussed above." As discussed above, the Schmidt I patent teaches that the 
donor and quencher can only be separated by 2-5 amino acids and that the placement of 
both the donor and quencher can only be located at certain positions within the Ps-Ps* 
cleavage site region of the substrate. Thus, the Schmidt I patent teaches away from the 
placement of a donor or quencher outside of the P5-P5 cleavage site region as suggested 
by the Examiner. 

The Clegg reference is silent regarding the teachings of the Schmidt I patent discussed 
above. Therefore, this reference does not provide any teaching, suggestion or motivation 
for one skilled in the art to act contrary to the teachings of the Schmidt I patent. 

Thus, the Schmidt I patent teaches that an acceptor must be a non-fluorescent quenching 
molecule and must be located within certain positions of the P5-P5 cleavage site region. 
Therefore, the Applicants respectfully submit that a prima facie case of obviousness cannot 
be made because the Schmidt I patent teaches away from an acceptor that is a fluorophore 
positioned outside of the P5-P5 cleavage site region as presently claimed. 

Conclusion 

For the reasons stated above, the Applicants respectfully submit that the assertion of 
obviousness is unsupported by the Schmidt I patent and the Clegg reference because these 
references would change the principle of operation of the assay taught by the Schmidt I 
patent, and the modifications required to produce the presently claimed invention are 
expressly taught away by the Schmidt I patent. Therefore, the Applicants respectfully 
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request withdrawal of the 35 U.S.C. § 103(a) obviousness rejection for Claims 69, 70 and 
73. 

II. Obviousness rejections over Schmidt I in view of Siegel 

The Examiner has rejected Claim 72 as allegedly being obvious under 35 U.S.C. § 103(a) 
over the Schmidt I patent in view of Richard M. Siegel et al., Measurement of Molecular 
Interactions in Living Cells by Fluorescence Resonance Energy Transfer Between Variants 
of the Green Fluorescent Protein, 2000(38) Sci STKE PL1. (2000), hereafter the "Siegel 
reference." 

The Examiner contends that it would have been prima facie obvious to a person of ordinary 
skill in the art at the time the invention was made to combine the teaching of these 
references and come up with a method of determining clostridial toxin activity as presently 
claimed in Claim 72. Specifically, the Examiner argues that it would have been obvious to 
modify the quench-release assay disclosed in the Schmidt I patent to measure donor 
excited state lifetimes because the Siegel reference teaches that FRET assays with double- 
labeled fluorescent molecules can achieve this excited state lifetime measurement in order 
to arrive at the presently claimed invention. The Applicants respectfully ask for 
reconsideration under 37 C.F.R. §1.111. 

Schmidt I and Siegel combination changes the principle of operation of Schmidt I. 

The Siegel reference discusses the use of FRET. As outlined above, FRET uses a non- 
radiating principle of operation, and as such suffers from the same defect as the Clegg 
reference discussed above. Adding an acceptor fluorophore to a Schmidt I peptide would 
change the principle of operation from a quench release assay based on a radiating 
principle of operation to a resonance energy transfer assay based on a non-radiating 
principle of operation. Thus, the Applicants respectfully submit that a prima facie case of 
obviousness cannot be made because combining the Schmidt I patent with the Siegel 
reference as suggested by the Examiner would change the principle of operation of the 
quench-release assay disclosed in the Schmidt I patent. 
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Schmidt I teaches away from the claimed invention. 

As discussed above, the Schmidt I patent teaches that an acceptor must be a non- 
fluorescent quenching molecule and must be located within certain positions of the P5-P5 
cleavage site region. Thus, the Schmidt I patent teaches away from the use of the 
fluorescent molecules and the Siegel reference does not provide any teaching, suggestion 
or motivation for one skilled in the art to act contrary to the teachings of the Schmidt I patent. 
Thus, the Applicants respectfully submit that a prima facie case of obviousness cannot be 
made because this reference teaches away from the presently claimed invention. 

Schmidt I and Siegel combination makes Schmidt I unsatisfactory for its intended 
use. 

According to MPEP §2143.01, if proposed modification would render the prior art invention 
being modified unsatisfactory for its intended purpose, then there is no suggestion or 
motivation to make the proposed modification. The Applicants respectfully submit that it 
would not be obvious for one of ordinary skill in the art to combine the cited references 
because combining the Schmidt I patent with the Siegel reference would render the quench- 
release assay disclosed in the Schmidt I patent as inoperable for its intended use. 

The Schmidt I patent discloses peptide substrates useful for quench release assays. As 
discussed above, the Schmidt I patent teaches that these peptides require the donor and 
quencher be separated by no more than 2 to 5 amino acids and that this placement must be 
at certain positions within the P5-P5 cleavage site region of the substrate. 

The Siegel reference discloses the use of spectral variants of green fluorescent protein as 
donor and acceptor proteins for measuring FRET interactions, see, e.g., pg. 1, col. 1, H 1, 
lines 7-13. Each of these fluorescent proteins is approximately 238 amino acids in length 
and approximately 27 kDa, see, e.g., Nupam P. Mahajan et al., Novel Mutant Green 
Fluorescent Protein Protease Substrates Reveal the Activation of Specific Caspases During 
Apoptosis, 6(6) Chem. Biol. 401-409 (1999) at pg. 402, col. 1, H 1, lines 1-2. 
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The placement of an approximately 238 amino acid fluorescent protein taught by Siegel 
reference into the P 5 -P 5 ' cleavage site region positions identified in the Schmidt I patent, as 
suggested by the Examiner, would result in an inoperable peptide substrate. First, work has 
shown that a BoNT/A peptide substrate requires a length of 16 amino acid peptide before 
appreciable cleavage can be seen, see, agr., the '699 patent at col. 14, lines 10-49. 
Substitution of a fluorescent protein into the sites identified by the Schmidt I patent would 
divide the 16 amino acid peptide region necessary for cleavage into two inoperable 
fragments, thereby making such a substrate unsuitable for the activity assay disclosed in 
Schmidt I. Second, placement of the fluorescent proteins in a manner required to maintain 
continuity of the 16 amino acid peptide necessary for functionality is contrary to the radiating 
quenching teachings of Schmidt I, discussed above, which require that the donor and 
quencher be separated by 2-5 amino acids. 

Thus, combining the Schmidt I patent, the Mahajan reference and Anderson publication with 
the Clegg reference would result in an inoperable substrate because combining a 
fluorescent protein with the Schmidt I peptide substrates would result in an uncleavable 
substrate or be contrary to the radiating quenching teachings of the Schmidt I patent. 
Therefore, the Applicants respectfully submit that a prima facie case of obviousness cannot 
be made because combining the Siegel reference with the Schmidt I patent as suggested by 
the Examiner would result in an inoperable substrate. 

Conclusion 

For the reasons stated above, the Applicants respectfully submit that the assertion of 
obviousness is unsupported by the Schmidt I patent and the Siegel reference because these 
references would result in an inoperable quench-release assay as disclosed in the Schmidt I 
patent, would change the principle of operation of the quench release assay as taught by 
Schmidt I, and the modifications required to produce the presently claimed invention are 
expressly taught away by the Schmidt I patent. Therefore, the Applicants respectfully 
request withdrawal of the 35 U.S.C. § 103(a) obviousness rejection for Claim 72. 

III. Obviousness rejections over Schmidt I in view of Auwerx 
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The Examiner has rejected Claim 72 as allegedly being obvious under 35 U.S.C. § 103(a) 
over the Schmidt I patent in view of Johan Auwerx et al., Cofactor-based Screening Method 
for Nuclear Receptor Modulators and Related Modulators, U.S. Patent Publication 
2003/0104975 (priority filing date Jun. 14, 2001), hereafter the "Auwerx publication." 

The Examiner contends that it would have been prima facie obvious to a person of ordinary 
skill in the art at the time the invention was made to combine the teaching of these 
references and come up with a method of determining clostridial toxin activity as presently 
claimed in Claim 72. Specifically, the Examiner argues that it would have been obvious to 
modify the quench-release assay disclosed in the Schmidt I patent to measure donor and 
acceptor parameters because the Auwerx publication teaches conventional means of 
measuring FRET in order to arrive at the presently claimed invention. The Applicants 
respectfully ask for reconsideration under 37 C.F.R. § 1 .1 1 1 . 

The Auwerx publication discusses the general utility of FRET, see, e.g., H 279. As outlined 
above, FRET uses a non-radiating principle of operation, and as such suffers from the same 
defect as the Clegg and Siegel references discussed above. Adding an acceptor 
fluorophore to a Schmidt I peptide would change the principle of operation from a quench 
release assay based on a radiating principle of operati6n to a resonance energy transfer 
assay based on a non-radiating principle of operation. In addition, combining the Schmidt I 
patent, the Mahajan reference and the Clegg reference with the Auwerx publication would 
result in an inoperable substrate, as discussed above, because combining a fluorescent 
protein with the Schmidt I peptide substrates would result in an uncleavable substrate or be 
contrary to the radiating quenching teachings of the Schmidt I patent. Furthermore, as 
discussed above, the Schmidt I patent teaches that an acceptor must be a non-fluorescent 
quenching molecule and must be located within certain positions of the P5-P5' cleavage site 
region. Thus, the Schmidt I patent teaches away from the use of fluorescent molecules 
located outside the P5-P5 cleavage site region and the Auwerx publication does not provide 
any teaching, suggestion or motivation for one skilled in the art to act contrary to the 
teachings of the Schmidt I patent. 
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Thus, the Applicants respectfully submit that a prima facie case of obviousness cannot be 
made because combining the cited references as suggested by the Examiner would change 
the principle of operation of the quench release assay as taught by the Schmidt I patent, 
would result in an inoperable quench-release assay as disclosed in the Schmidt I patent, 
and the suggested modifications required to produce the presently claimed invention are 
expressly taught away by the Schmidt I patent. Therefore, the Applicants respectfully 
request withdrawal of the 35 U.S.C. § 103(a) obviousness rejection for Claim 72. 

IV. Obviousness rejections over Schmidt II in view of Mahajan and Clegg 

The Examiner has rejected Claims 60, 61, 63-70, 73-78, 79-83, 85-92 and 95-100 as 
allegedly being obvious under 35 U.S.C. § 103(a) over James J. Schmidt and Karen A. 
Bostian, Assays for the Proteolytic Activities of Serotype A from Clostridium botulinum, U.S. 
Patent 5,965,699 (Oct. 12, 1999), hereafter the Schmidt II patent, in view of Nupam P. 
Mahajan et al., Novel Mutant Green Fluorescent Protein Protease Substrates Reveal the 
Activation of Specific Caspases During Apoptosis, 6(6) Chem. Biol. 401-409 (1999), 
hereafter the "Mahajan reference" and the Clegg reference. 

The Examiner contends that it would have been prima facie obvious to a person of ordinary 
skill in this art at the time the invention was made to combine the teaching of these 
references and come up with a method of determining clostridial toxin activity as presently 
claimed in Claims 60, 61, 63-70, 73-78, 79-83, 85-92 and 95-100. Specifically, the 
Examiner argues that it would have been obvious to substitute the caspase recognition 
sequence from the FRET substrate taught in the Mahajan reference with the BoNT/A 
recognition sequence taught in the Schmidt II patent in order to arrive at the presently 
claimed invention because this proposed assay would be an alternative to the fluorescamine 
detection assay disclosed in the Schmidt II patent because it would reduce the number of 
assay steps by omitting the independent addition of fluorescamine. The Applicants 
respectfully ask for reconsideration under 37 C.F.R. §1.111. 

Schmidt II teaches away from the claimed invention. 



30 of 37 



Application No.: 09/942,024 1 7452 (BOT) 

Steward, L E. et al., FRET Protease Assays For Botulinum Serotype A/E Toxins 

According to MPEP §2143.03, to establish prima facie obviousness of a claimed invention, 
all the claim limitations must be taught or suggested by the prior art. The Applicants 
respectfully submit that it would not be obvious to combine the cited references because the 
Schmidt II patent teaches away from using an acceptor fluorophore. 

The Schmidt II patent discloses fluorescamine detection assay. The Schmidt II patent 
specifically teaches that fluorescent reagents are problematic, see, e.g., col. 3, lines 55-61 
and states that fluroescamine is used as the detection reagent because it is not fluorescent, 
see, e.g., col. 4, lines 12-14. 

Both the Mahajan and Clegg references discuss the use of fluorescent proteins and are 
silent regarding the use of non-fluorescent fluroescamine teachings of the Schmidt II patent 
discussed above. Therefore, these references do not provide any teaching, suggestion or 
motivation for one skilled in the art to act contrary to the teachings of the Schmidt II patent. 

It would not have been obvious then, to combine the peptide substrates of Schmidt II patent 
with the fluorescent molecules disclosed in the Majahan reference as suggested by the 
Examiner because the Schmidt II patent teaches that an acceptor cannot be fluorescent 
molecule. Thus, the Applicants respectfully submit that a prima facie case of obviousness 
cannot be made because the Schmidt II patent teaches away from an acceptor that is a 
fluorescent molecule as presently claimed. 

Schmidt II and Mahajan combination makes Schmidt II unsatisfactory for its intended 
use. 

According to MPEP §2143.01, if proposed modification would render the prior art invention 
being modified unsatisfactory for its intended purpose, then there is no suggestion or 
motivation to make the proposed modification. The Applicants respectfully submit that it 
would not be obvious for one of ordinary skill in the art to combine the cited references 
because combining the Schmidt II patent with the Clegg reference would render the 
fluroescamine detection assay disclosed in the Schmidt II patent as inoperable for its 
intended use. 
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The Schmidt II patent discloses fluroescamine detection assay. The assay is based on the 
principle of operation that cleavage of a peptide by a protease results in the production of a 
free amino group, see, e.g., col. 3, lines 25-34. These newly produced amino groups are 
detected by adding fluroescamine, a non-fluorescent molecule that reacts with free amino 
groups to produce a fluorescent compound, see, e.g., col. 4, lines 12-15. Thus, 
fluroescamine is essential to detect whether or not a peptide substrate was cleaved. 

Both the Mahajan and Clegg references discuss the use of fluorescent proteins and are 
silent regarding the use of non-fluorescent fluroescamine teachings of the Schmidt II patent 
discussed above. Therefore, these references do not provide any teaching, suggestion or 
motivation for one skilled in the art to act contrary to the teachings of the Schmidt II patent. 

It would not have been obvious to combine the peptide substrates of Schmidt II patent with 
the fluorescent molecules disclosed in the Majahan reference in order to eliminate the 
fluroescamine addition step because the Schmidt II patent teaches that fluroescamine 
addition is necessary to detect the cleavage of the substrate. Elimination of the 
fluroescamine addition step would render the fluroescamine detection assay disclosed in the 
Schmidt II patent inoperable. Thus, the Applicants respectfully submit that a prima facie 
case of obviousness cannot be made because combining the Schmidt II patent with the 
Clegg reference as suggested by the Examiner would result in an inoperable assay.. 

Schmidt II, Mahajan and Clegg combination changes the principle of operation of 
Schmidt II. 

According to MPEP §2143.01, if a proposed modification or combination of the prior art 
would change the principle of operation of the prior art invention being modified, then the 
teachings of the references are not sufficient to render the claims prima facie obvious. The 
Applicants respectfully submit that it would not be obvious for one of ordinary skill in the art 
to combine the cited references because combining the Schmidt II patent with the Mahajan 
and Clegg references as suggested by the Examiner would change the principle of 
operation of the fluorescamine detection assay disclosed in the Schmidt II patent. 
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As discussed above, the principle of operation for the fluorescamine detection assay 
disclosed in the Schmidt II patent requires the reaction of the non-fluorescent molecule 
fluorescamine with the free amino groups of a cleavage product produced upon cleavage 
with a protease, see, e.g., col. 3, lines 25-34. 

The Mahajan and Clegg references discuss the use of FRET. As outlined above, FRET 
uses a non-radiating principle of operation. In this principle of operation, energy is 
transferred from one molecule to another by intermolecular long-range dipole-dipole 
coupling, see, e.g., the Clegg reference at pg. 103, col. 2, ^1, lines 1-5; see also, the 
Lakowicz reference, Chapter 13 Energy Transfer, pg. 367, col. 1 , 1)1 . 

Adding an acceptor fluorophore to a Schmidt II peptide would change the principle of 
operation from a fluorescamine detection assay based on the reactive ability of a 
fluorescamine with free amino groups to a resonance energy transfer assay based on a non- 
radiating principle of operation. Thus, the Applicants respectfully submit that a prima facie 
case of obviousness cannot be made because combining the Schmidt II patent with the 
Mahajan and Clegg references as suggested by the Examiner would change the principle of 
operation of the fluorescamine detection assay as disclosed in the Schmidt II patent. 

Conclusion 

For the reasons stated above, the Applicants respectfully submit that the assertion of 
obviousness is unsupported by the Schmidt II patent, the Mahajan reference and the Clegg 
reference because these references would result in an inoperable fluorescamine detection 
assay as disclosed in the Schmidt II patent, would change the principle of operation of the 
fluorescamine detection assay as taught by Schmidt II, and the modifications required to 
produce the presently claimed invention are expressly taught away by the Schmidt II patent. 
Therefore, the Applicants respectfully request withdrawal of the 35 U.S.C. § 103(a) 
obviousness rejection for Claims 60, 61, 63-70, 73-78, 79-83, 85-92 and 95-100. 

V. Obviousness rejections over Schmidt II in view of Mahajan, Clegg and Siegel. 
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The Examiner has rejected Claims 72 and 94 as allegedly being obvious under 35 U.S.C. § 
103(a) over the Schmidt II patent, in view of the Mahajan reference, the Clegg reference and 
the Siegel reference. 

The Examiner contends that it would have been prima facie obvious to a person of ordinary 
skill in the art at the time the invention was made to combine the teaching of these 
references and come up with a method of determining clostridial toxin activity as presently 
claimed in Claims 72 and 94. Specifically, the Examiner argues that it would have been 
obvious to modify the fluorescamine detection assay as disclosed in the Schmidt II patent to 
measure donor excited state lifetimes because the Siegel reference teaches that FRET 
assays with double-labeled fluorescent molecules can achieve this excited state lifetime 
measurement in order to arrive at the presently claimed invention. The Applicants 
respectfully ask for reconsideration under 37 C.F.R. § 1 .1 1 1 . 

The Siegel reference discloses the use of spectral variants of green fluorescent protein as 
donor and acceptor proteins for measuring FRET interactions, see, e.g., pg. 1, col. 1,111, 
lines 7-13. As outlined above, FRET uses a non-radiating principle of operation, and as 
such suffers from the same defect as the Mahajan and Clegg references discussed above. 
Adding an acceptor fluorophore to a Schmidt II peptide would change the principle of 
operation from a fluorescamine detection assay based on the reactive ability of a 
fluorescamine with free amino groups to a resonance energy transfer assay based on a non- 
radiating principle of operation. In addition, combining the Schmidt II patent, the Mahajan 
reference and the Clegg reference with the Siegel reference would result in an inoperable 
substrate, as discussed above, because the elimination of the fluorescamine addition step 
would render the fluorescamine detection assay inoperable. Furthermore, as discussed 
above, the Schmidt II patent teaches that the non-fluorescent molecule fluorescamine must 
be used in the disclosed assays. Thus, the Schmidt II patent teaches away from the use of 
fluorescent molecules and the Siegel reference does not provide any teaching, suggestion 
or motivation for one skilled in the art to act contrary to the teachings of the Schmidt II 
patent. 

Thus, the Applicants respectfully submit that a prima facie case of obviousness cannot be 
made because combining the cited references as suggested by the Examiner would change 
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the principle of operation of the fluorescamine detection assay as taught by the Schmidt II 
patent, would result in an inoperable fluorescamine detection assay as disclosed in the 
Schmidt II patent, and the suggested modifications required to produce the presently 
claimed invention are expressly taught away by the Schmidt II patent. Therefore, the 
Applicants respectfully request withdrawal of the 35 U.S.C. § 103(a) obviousness rejection 
for Claims 72 and 94. 

VI. Obviousness rejections over Schmidt II in view of Mahajan, Clegg and Auwerx 

The Examiner has rejected Claims 72 and 94 as allegedly being obvious under 35 U.S.C. § 
103(a) over the Schmidt II patent, in view of the Mahajan reference, the Clegg reference and 
the Auwerx reference. The Applicants respectfully ask for reconsideration under 37 C.F.R. § 
1.111. 

The Examiner contends that it would have been prima facie obvious to a person of ordinary 
skill in the art at the time the invention was made to combine the teaching of these 
references and come up with a method of determining clostridial toxin activity as presently 
claimed in Claim 72 and 94. Specifically, the Examiner argues that it would have been 
obvious to modify the fluorescamine detection assay as disclosed in the Schmidt II patent to 
measure donor and acceptor parameters .because the Auwerx publication teaches 
conventional means of measuring FRET in order to arrive at the presently claimed invention. 
The Applicants respectfully ask for reconsideration under 37 C.F.R. §1.111. 

The Auwerx publication discusses the general utility of FRET, see, e.g., H 279. As outlined 
above, FRET uses a non-radiating principle of operation, and as such suffers from the same 
defect as the Mahajan, Clegg and Siegel references discussed above. Adding an acceptor 
fluorophore to a Schmidt II peptide would change the principle of operation from a 
fluorescamine detection assay based on the reactive ability of a fluorescamine with free 
amino groups to a resonance energy transfer assay based on a non-radiating principle of 
operation. In addition, combining the Schmidt II patent, the Mahajan reference and the 
Clegg reference with the Auwerx publication would result in an inoperable substrate, as 
discussed above, because the elimination of the fluorescamine addition step would render 
the fluorescamine detection assay inoperable. Furthermore, as discussed above, the 
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Schmidt II patent teaches that the non-fluorescent molecule fluorescamine must be used in 
the disclosed assays. Thus, the Schmidt II patent teaches away from the use of fluorescent 
molecules and the Auwerx publication does not provide any teaching, suggestion or 
motivation for one skilled in the art to act contrary to the teachings of the Schmidt II patent. 

Thus, the Applicants respectfully submit that a prima facie case of obviousness cannot be 
made because combining the cited references as suggested by the Examiner would change 
the principle of operation of the fluorescamine detection assay as taught by the Schmidt II 
patent, would result in an inoperable fluorescamine detection assay as disclosed in the 
Schmidt II patent, and the suggested modifications required to produce the presently 
claimed invention are expressly taught away by the Schmidt II patent. Therefore, the 
Applicants respectfully request withdrawal of the 35 U.S.C. § 103(a) obviousness rejection 
for Claims 72 and 94. 
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CONCLUSION 



For the above reasons the Applicants respectfully submit that the claims are in condition for 
allowance, and the Applicants respectfully urge the Examiner to issue a Notice to that effect. 
Should there be any questions, the Examiner is invited to call the undersigned agent. Please 
use Deposit Account 01-0885 for the payment of any extension of time fees under 37 C.F.R. § 
1 .136 or any other fees due in connection with the current response. 

Respectfully submitted, 



LEGAL DEPARTMENT 

2525 Dupont Drive 
Irvine, California 92612-1599 
Tel: 714/246-6521 
Fax: 714/246-4249 




Dean G. Stathakis, Ph.D. 
Registration No. 54,465 
Agent of Record 
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(Ed. Joseph R. Lakowicz, 
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Quenching of 
Fluorescence 



8 



Fluorescence quenching refers to any process which de- 
creases the fluorescence intensity of a sample. A variety of 
molecular interactions can result in quenching. These in- 
clude excited-state reactions, molecular rearrangements, 
energy transfer, ground-state complex formation, and col- 
lisional quenching. In this chapter we will be concerned 
primarily with quenching resulting from collisional en- 
counters between the fluorophore and quencher, which is 
called collisional or dynamic quenching. Static quenching 
is a frequent complicating factor in the analysis of quench- 
ing data, but it can also be a valuable source of information 
about binding between the fluorescent sample and the 
quencher. In addition to the processes described above, 
apparent quenching can occur due to the optical properties 
of the sample. For example, high optical densities or 
turbidity can result in decreased fluorescence intensities. 
This is a trivial type of quenching which contains little 
molecular information. Throughout this chapter, we will 
assume that such trivial effects are not the cause of the 
observed decreases in fluorescence intensity. 

Fluorescence quenching has been widely studied both 
as a fundamental phenomenon and as a source of informa- 
tion about biochemical systems. The biochemical applica- 
tions of quenching are due to the intrinsic role of molecular 
interactions in quenching phenomena. Both static and 
dynamic quenching require molecular contact between the 
fluorophore and quencher. In the case of collisional 
quenching, the quencher must diffuse to the fluorophore 
during the lifetime of the excited state. Upon contact, the 
fluorophore returns to the ground state, without emission 
of a photon. In general, quenching occurs without any 
permanent change in the molecules, that is, without a 
photochemical reaction. In the case of static quenching, a 
complex is formed between the fluorophore and the 
quencher, and this complex is nonfluorescent. For either 
static or dynamic quenching to occur, the fluorophore and 
quencher must be in contact. The requirement of molecular 



contact results in the numerous applications of quenching. 
For example, quenching measurements can reveal the ac- 
cessibility of fluorophores to quenchers. Consider a 
fluorophore bound either to a protein or to a membrane. If 
the protein or membrane is impermeable to the quencher, 
and the fluorophore is located in the interior of the macro- 
molecule, then neither collisional nor static quenching can 
occur. For this reason, quenching studies can be used to 
reveal the localization of fluorophores in proteins and 
membranes and the permeabilities of protons and mem- 
branes to quenchers. Additionally, the rate of collisional 
quenching can be used to determine the diffusion coeffi- 
cient of the quencher. 

It is important to recognize that the phenomenon of 
collisional quenching results in the expansion of the vol- 
ume and distance within the solution, which affects the 
e xperim ental observables. The root-mean-square distance 
over which a quencher can diffuse during the 
l ifetim e of th e excited state (t) is given by 
= V(2Dt), where D is the diffusion coefficient. 
Consider an oxygen molecule in water at 25 °C. Its diffu- 
sion coefficient is 2.5 x lO -5 cm 2 /s. During a typical 
fluorescence lifetime of 4 ns, the oxygen molecule can 
diffuse 44 A. If the lifetime is longer, diffusion over still 
larger distances can be observed. For example, for life- 
times of 20 and 100 ns the average distances for oxygen 
diffusion are 100 A and 224 A, respectively. With the 
introduction of longer-lived probes with microsecond life- 
times (Chapter 20), diffusion over still larger distances can 
be observed. Hence, fluorescence quenchingcan reveal the 
diffusion of quenchers over moderately large distances 
which are comparable to the sizes of proteins and mem- 
branes. This situation is different from that for solvent 
relaxation. Spectral shifts resulting from reorientation of 
the solvent molecules are due primarily to the solvent shell 
immediately adjacent to the fluorophore. 
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PRINCIPLES OF FLUORESCENCE SPECTROSCOPY 



8.1. QUENCHERS OF FLUORESCENCE 

A wide variety of substances act as quenchers of fluores- 
cence. One of the best-known collisional quenchers is 
molecular oxygen, 1 which quenches almost all known 
fluorophores. Depending upon the sample under investi- 
gation, it is frequently necessary to remove dissolved 
oxygen to obtain reliable measurements of the fluores- 
cence yields or lifetimes. The mechanism by which oxygen 
quenches fluorescence has been the subject of debate. The 
most likely mechanism is that the paramagnetic oxygen 



causes the fluorophore to undergo intersystem crossing to 
the triplet state. In fluid solutions the long-lived triplets are 
completely quenched, so that phosphorescence is not ob- 
served. Aromatic and aliphatic amines are also efficient 
quenchers of most unsubstituted aromatic hydrocarbons. 
For example, anthracene fluorescence is effectively 
quenched by diethylaniline. 2 In this instance the mecha- 
nism of quenching is the formation of an excited charge- 
transfer complex. The excited-state fluorophore accepts an 
electron from the amine. In nonpolar solvents, fluores- 
cence from the excited charge-transfer complex (exciplex) 



Table 8. 1 . Quenchers of Fluorescence 



Quenchers) 


Typical fluorophore(s)" 


Referenc 


Acryl amide 


Tryptophan 


5-7, 79 


Amines 


Anthracene, perylene 


2. 80-85 


Amines 


Carbazole 


86 




Perylene, anthroyloxy probes 


87,88 


Rrnrnate 

IJlUllJIUv 




89 


O lUillUUv IU6I K 


Many fluorophores 


90 


Laruoxy groups 


Indole 


91 


Liuonac 


Oiiinoliniiim SPO 


92-95 


uuonnutca cuiupuunus 


Indoles and carbazoles 


96-99 


Cohall (Ca 2 *} 


NBD, PPO, perylene (energy transfer for some probes) 


100-105 


i^oppcr \\*U ) 


Anthroyloctanoic acid 


106 


L/imcuiyitui uianuuc 


Indole 


107 


Disulfides 


Tyrosine 


108 


Ethers 


9-Arylxanthyl cations 


109 


Halogens 


Anthracene, naphthalene, carbazole 


110-125 


Halogen anesthetics 


Pyrene, tryptophan 


126,127 


Hydrogen peroxide 


Tryptophan 


128 


Imidazole, hisudine 


Tryptophan 


129 


Iodide 


Antracene 


130-133 


Methylmercuric chloride 


Carbazole, pyrene 


134,135 


Nickel (Ni 2+ ) 


Perylene 


136,137 


Nitromethane and nitro compounds 


Polycyclic aromatic hydrocarbons 


138-144 


Nitroxides 


Naphthalene, To 3 *, anthroyloxy probes 


63,145-1- 


NO (nitric oxide) 


Naphthalene, pyrene 


149-151 


Olefins 


Cyanonaphthalene, 2,3-dimethylnaphthalene, pyrene 


152-157 


Oxygen 


Most fluorophores 


158-166 


Peroxides 


Dimethylnaphthalene 


167 


Picoiinium nicotinamide 


Tryptophan 


168 


Pyridine 


Carbazole 


169 


Quinones 


Aromatic hydrocarbons, chlorophyll 


170.171 


Silver (Ag*) 


Perylene 


172 


Succinimide 


Tryptophan 


173,174 


Thallium (T1+) 


Naphthylaminesulfonic acid 


175 


Thiocyanate 


Anthracene, 5,6-benzoquinoline 


176,177 


Trifluoroacetamide 


Tryptophan 


35 


Xenon 




178 



'Abbreviations: NBD, 7.Nitrobenz-2^xa-1.3-diatol-4.yl; PPO, Z5-diphenyM.3.4-oxadiazole; SPQ, 6-methoxy-N-(3-sulfo- 
propyl) quinoline. 
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is frequently observed, and one may regard this process as 
an excited-state reaction rather than quenching. In polar 
solvents the exciplex emission is often quenched, so that 
the fluorophore-amine interaction appears to be that of 
simple quenching. While it is now known that there is a 
modest through-space component to almost all quenching 
reactions, this component is short-range (< 2 A), so that 
molecular contact is a requirement for quenching. 

Another type of quenching is due to heavy atoms such 
as iodine and bromine. Halogenated compounds such as 
trichloroethanol and bromobenzene also act as collisional 
quenchers. Quenching by the larger halogens such as bro- 
mine and iodine may be a result of intersystem crossing to 
an excited triplet state, promoted by spin-orbit coupling 
of the excited (singlet) fluorophore and the halogen. 3 Since 
emission from the triplet state is slow, the triplet emission 
is highly quenched by other processes. The quenching 
mechanism is probably different for chlorine-containing 
substances. Indole, carbazole, and their derivatives are 
uniquely sensitive to quenching by chlorinated hydrocar- 
bons and by electron scavengers such as protons, histidine, 
cysteine, NOJ, fumarate, Cu 2+ , Pb 2+ , Cd 2 *, and Mn 2+ . 4 
Quenching by these substances probably involves dona- 
tion of an electron from the fluorophore to the quencher. 
Additionally, indole and tryptophan and its derivatives are 
quenched by acrylamide, succinimide, dichloroacetamide, 
dimethyiformamide, pyridinium hydrochloride, imida- 
zolium hydrochloride, methionine, Eu 3 *, Ag"\ and Cs + . 
Quenchers of protein fluorescence have been summarized 
in several insightful reviews. 5-7 Hence, a variety of 
quenchers are available for studies of protein fluorescence, 
especially to determine the surface accessibility of trypto- 
phan residues and the permeation of proteins by the 
quenchers. 

Additional quenchers include purines, pyrimidines, 
/V-methylnicotinamide, and Af-alkylpyridinium and 
-picolinium salts. 8,9 For example, the fluorescence of 
both FAD and NADH is quenched by the adenine moiety; 
flavin fluorescence is quenched by both static and dynamic 
processes, 10 whereas the quenching of dihydronico- 
tinamide appears to be primarily dynamic. 11 These 
aromatic substances appear to quench by formation of 
charge-transfer complexes. Depending upon the precise 
structure involved, the ground-state complex can be rea- 
sonably stable. As a result, both static and dynamic 
quenching are frequently observed. A variety of other 
quenchers are known. These are summarized in Table 8.1, 
which is intended to be an overview and not a complete 
list. Known collisional quenchers include hydrogen perox- 
ide, nitric oxide (NO), nitroxides, Br0 4 -, and even some 
olefins. 



Because of the variety of substances which act as 
quenchers, one can frequently identify fluorophore- 
quencher combinations for a desired purpose. It is impor- 
tant to note that not all fluorophores are quenched by all 
the substances listed above. This fact occasionally allows 
selective quenching of a given fluorophore. The occur- 
rence of quenching depends upon the mechanism, which 
in turn depends upon the chemical properties of the indi- 
vidual molecules. Detailed analysis of the mechanism of 
quenching is complex. In this chapter we will be concerned 
primarily with the type of quenching, that is, whether 
quenching is diffusive or static in nature. Later in this 
chapter, we describe biochemical applications of quench- 
ing. 



8.2. THEORY OF COLLISIONAL 
QUENCHING 

Collisional quenching of fluorescence is described by the 
Stern-Volmer equation, 

y=l+Vo[Q] = 1 + *WQ] 1811 

In this equation, Fo and F are the fluorescence intensities 
in the absence and presence of quencher, respectively, kq 
is the bimolecular quenching constant, To is the lifetime of 
the fluorophore in the absence of quencher, and [Q] is the 
concentration of quencher. The Stern-Volmer quenching 
constant is given by kqio. If the quenching is known to be 
dynamic, the Stern-Volmer constant will be represented 
by Kd* Otherwise, this constant will be described as &v. 

Quenching data are usually presented as plots of F 0 IF 
versus [Q]. This is because F 0 /F is expected to be linearly 
dependent upon the concentration of quencher. A plot of 
F(/F versus [Q] yields an intercept of 1 on the y-axis and 
a slope equal to K D (Figure 8. 1). Intuitively, it is useful to 
note that Kj} is the quencher concentration at which Fq/F 
= 2, or 50% of the intensity is quenched. A linear Stern- 
Volmer plot is generally indicative of a single class of 
fluorophores, all equally accessible to quencher. If two 
fluorophore populations are present, and one class is not 
accessible to quencher, then the Stern-Volmer plots devi- 
ate from linearity toward the x-axis. This result is fre- 
quently found for the quenching of tryptophan 
fluorescence in proteins by polar or charged quenchers. 
These molecules do not readily penetrate the hydrophobic 
interior of proteins, and only those tryptophan residues on 
the surface of the protein are quenched. 

It is important to recognize that observation of a linear 
Stern-Volmer plot does not prove that collisional quench- 
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Figure 8.1 . Comparison of dynamic (collisions!) and static quenching. 



ing of fluorescence has occurred. In Section 8.3 we will 
see that static quenching also results in linear Stern- 
Volmer plots. Static and dynamic quenching can be distin- 
guished by their differing dependence on temperature and 
viscosity, or preferably by lifetime measurements. Higher 
temperatures result in faster diffusion and hence larger 
amounts of collisional quenching. Higher temperatures 
will typically result in the dissociation of weakly bound 
complexes, and hence smaller amounts of static quench- 
ing. 

8.2.A. Derivation of the Stern- Volmer 
Equation 

The Stern- Volmer equation can be derived by considera- 
tion of the fluorescence intensities observed in the absence 
and presence of quencher. The fluorescence intensity ob- 
served for a fluorophore is proportional to its concentration 
in the excited state [F*]. Under continuous illumination, a 
constant population of excited fluorophores is established, 
and therefore d[F*]fdt = 0. In the absence of quencher, the 
differential equation describing [F*J is 

^ i =/W-Y[F*] 0 = 0 [8.2] 

and in the presence of quencher, 

^-/(0-(Y + VQ])[F*]=0 [8.3] 

whereof) is the constant excitation function, and y = To 1 is 
the decay rate of the fluorophore in the absence of 
quencher. In the absence of quenching, the excited-state 
population decays with a rate y = (T + fc*), where V is the 



radiative decay rate and km is the nonradiative decay rate. 
In the presence of quencher, there is an additional decay 
rate, kg[Q]. With continuous excitation, the excited-state 
population is constant, so the derivative can be easily 
eliminated from these equations. Division of Eq. [8.3] by 
Eq. [8.2] yields 

£ = I±V2I =ltVolQ) 18.4] 

which is the Stern- Volmer equation. 

This equation may also be obtained by considering the 
fraction of excited fluorophores, relative to the total, which 
decay by emission. This fraction (F/Fo) is given by the ratio 
of the decay rate in the absence of quencher (y) to the total 
decay rate in the presence of quencher (y + k q [Q]) t 



^0 Y + tyQ] l+*o[Q] 

which is again the Stern- Volmer equation. Since colli- 
sional quenching is a rate process which depopulates the 
excited state, the lifetimes in the absence (To) and presence 
(t) of quencher are given by 

T 0 = Y" 1 [8-61 

t=(y+MQ]) -1 [87] 

and therefore 

Y=l + VolQJ [8.8] 
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This equation illustrates an important characteristic of 
collisional quenching, which is an equivalent decrease in 
fluorescence intensity and in lifetime (Figure 8.1, left); that 
is, for collisional quenching, 

fo = ^0 [8.9] 
F x 

The decrease in lifetime occurs because quenching is an 
additional rate process that depopulates the excited state. 
The decrease in yield occurs because quenching depopu- 
lates the excited state without fluorescence emission. 
Static quenching does not decrease the lifetime because 
only the fluorescent molecules are observed, and the un- 
complexed fluorophores have the unquenched lifetime To. 

8.2.B. Interpretation of the Bimolecular 
Quenching Constant 

A frequently encountered value is the bimolecular quench- 
ing constant (k q )> which can reflect the efficiency of 
quenching or the accessibility of the fluorophores to the 
quencher. As shown below, diffusion-controlled quench- 
ing typically results in values of k q near 1 x 10 10 NT 1 s" 1 . 
Smaller values of kq can result from steric shielding of the 
fluorophore, and larger apparent values of kq usually indi- 
cate some type of binding interaction. 

The meaning of the bimolecular quenching constant can 
be understood in terms of the frequency of collisions 
between freely diffusing molecules. The collisional fre- 
quency (Z) of a fluorophore with a quencher is given by 

Z = k 0 [Q] [MO] 

where ko is the diffusion-controlled bimolecular rate con- 
stant. This constant may be calculated using the 
Smoluchowski equation, 

where R is the collision radius, D is the sum of the diffusion 
coefficients of the fluorophore (Df) and quencher (D 9 ), and 
N is Avogadro's number. The collision radius is generally 
assumed to be the sum of the molecular radii of the 
fluorophore (/?/) and quencher (R q ). This equation de- 
scribes the diffusive flux of a molecule with a diffusion 
coefficient D through the surface of a sphere of radius R. 
The factor of 1000 is necessary to keep the units correct 
when the concentration is expressed in terms of molarity. 
The term A71000 converts molarity to molecules per cubic 
centimeter. 



The collisional frequency is related to the bimolecular 
quenching constant by the quenching efficiency / c , 

w<* 18121 

For example, if f Q = 0.5, then 50% of the collisional en- 
counters are effective in quenching, and one expects kq to 
be one-half of *o. Since ko can be estimated with moderate 
precision, the observed value of kq can be used to judge the 
efficiency of quenching. Quenchers like oxygen, acryl- 
amide, and I" generally have efficiencies near unity, but the 
quenching efficiency of succinimide depends on the sol- 
vent. The efficiency is generally less with the lighter halo- 
gens. The quenching efficiency of amines depends upon 
the reduction potential of the fluorophores being 
quenched, as may be expected for a charge-transfer reac- 
tion. 

The efficiency of quenching can be calculated from the 
observed value of k qi if the diffusion coefficients and 
molecular radii are known. The radii can be obtained from 
molecular models, or from the molecular weights and 
densities of the substances in question. Diffusion coeffi- 
cients may be obtained from the Stokes-Einstein equation, 

D = kT/6nr]R (8.13] 

where k is the Boltzmann constant, r\ is the solvent viscos- 
ity, and R is the molecular radius. Frequently, the Stokes- 
Einstein equation underestimates the diffusion coefficients 
of small molecules. For example, quenching efficiencies 
of 2-3 were calculated for oxygen quenching of fluoro- 
phores dissolved in various alcohols. 12 These impossibly 
large efficiencies were obtained because the diffusion co- 
efficient of oxygen in organic solvents is severalfold larger 
than predicted by Eq. [8.13]. This equation describes the 
diffusion of molecules that are larger than the solvent 
molecules, which is clearly not the case for oxygen in 
ethanol. As an alternative method, diffusion coefficients 
can be obtained from nomograms based upon physical 
properties of the system. 13 Once the diffusion coefficients 
are known, the bimolecular quenching constant for/e = 1 
can be predicted using the Smoluchowski equation (Eq. 
[8.11]). 

It is instructive to consider typical values for k q and the 
concentrations of quencher required for significant 
quenching. For example, consider the quenching of tryp- 
tophan by oxygen. 14 At 25 °C the diffusion coefficient of 
oxygen in water is 2.5 x 10" 5 cm 2 /s and that of tryptophan 
is 0.66 x 10" 5 cm 2 /s. Assuming a collision radius of 5 A, 
substitution intoEq. [8.11] yields *b= 12x 10 l0 Ar' s'K 
The observed value of the oxygen Stern- Volmer quench- 
ing constant was 32.5 M~K Since the unquenched lifetime 
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of tryptophan is 2.7 ns, k q = 1.2 x 10 !0 AT 1 s" 1 which is in 
excellent agreement with the predicted value. This indi- 
cates that essentially every collision of oxygen with tryp- 
tophan is effective in quenching, that is, f Q = 1.0. A 
bimolecular quenching constant near 1 x lO^AT 1 s" 1 may 
be considered as the largest possible value in aqueous 
solution. For quenchers other than oxygen, smaller diffu- 
sion-limited quenching constants are expected because the 
diffusion coefficients of the quenchers are smaller. For 
example, the efficiency of acrylamide quenching of tryp- 
tophan fluorescence is also near unity, 13 but k q - 5.9 x 
10 9 AT 1 s" 1 . This somewhat smaller value of k q is a result 
of the smaller diffusion coefficient of acrylamide relative 
to that of oxygen, Frequently, data are obtained for fluoro- 
phores which are bound to macromoiecules. In this case, 
the fluorophore is not diffusing as rapidly. Also, the 
quenchers can probably only approach the fluorophores 
from a particular direction. In such cases, the maximum 
bimolecular quenching constant is expected to be about 
50% of the diffusion-controlled value. 16 



8.3. THEORY OF STATIC QUENCHING 

In the previous section we described quenching that re- 
sulted from diffusive encounters between the fluorophore 
and quencher during the lifetime of the excited state. This 
is a time-dependent process. Quenching can also occur as 
a result of the formation of a nonfluorescent complex 
between the fluorophore and quencher. When this complex 
absorbs light, it immediately returns to the ground state 
without emission of a photon (Figure 8.1). 

The dependence of the fluorescence intensity upon 
quencher concentration for static quenching is easily de- 
rived by consideration of the association constant for com- 
plex formation. This constant is given by 

where [F-Q] is the concentration of the complex, [F] is the 
concentration of uncomplexed fluorophore, and [Q] is the 
concentration of quencher. If the complexed species is 
nonfluorescent, then the fraction of the fluorescence that 
remains, F/Fo, is given by the fraction of the total fluoro- 
phores that are not complexed,/= F/F 0 . Recalling that the 
total concentration of fluorophore, [F] 0 , is given by 

[F] 0 = [F] + [F-Q] [8.15J 
substitution into Eq. [8.14] yields 



[F] 0 -[F] _ [Fq] 1 
S ~ [F][Q] [F][Q] [Q] [8.16] 

We can substitute fluorescence intensities for the fluoro- 
phore concentrations, and rearrangement of Eq. [8.16] 
yields 

[ - 8 - 17] 

Note that the dependence of Fo/F on [Q] is linear and is 
identical to that observed for dynamic quenching except 
that the quenching constant is now the association con- 
stant. Unless additional information is provided, fluores- 
cence quenching data obtained by intensity measurements 
alone can be explained by either a dynamic or a static 
process. As will be shown below, the magnitude of K$ can 
sometimes be used to demonstrate that dynamic quenching 
cannot account for the decrease in intensity. The measure- 
ment of fluorescence lifetimes is the most definitive 
method to distinguish static and dynamic quenching. Static 
quenching removes a fraction of the fluorophores from 
observation. The complexed fluorophores are nonfluores- 
cent, and the only observed fluorescence is from the un- 
complexed fluorophores. The uncomplexed fraction is 
unperturbed, and hence the lifetime is to. Therefore, for 
static quenching To/t = 1 (Figure 8.1, right). In contrast, for 
dynamic quenching, tq/x = Fo/F. 

Besides measurement of fluorescence lifetimes, static 
and dynamic quenching can often be distinguished on the 
basis of other considerations. Dynamic quenching depends 
upon diffusion. Since higher temperatures result in larger 
diffusion coefficients, the bimolecular quenching con- 
stants are expected to increase with increasing temperature 
(Figure 8.1). More specifically, k q is expected to be pro- 
portional to T/r\ since diffusion coefficients are propor- 
tional to this ratio (Eq. [8.13]). In contrast, increased 
temperature is likely to result in decreased stability of 
complexes, and thus lower values of the static quenching 
constants. 

One additional method to distinguish static and dynamic 
quenching is by careful examination of the absorption 
spectra of the fluorophore. Collisional quenching only 
affects the excited states of the fluorophores, and thus no 
changes in the absorption spectra are expected. In contrast, 
ground-state complex formation will frequendy result in 
perturbation of the absorption spectrum of the fluorophore. 
In fact, a more complete form of Eq. [8.17] would include 
the possibility of different extinction coefficients for the 
free and complexed forms of the fluorophore. 
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8.4. COMBINED DYNAMIC AND STATIC 
QUENCHING 

In many instances the fluorophore can be quenched both 
by collisions and by complex formation with the same 
quencher The characteristic feature of the Stern- Volmer 
plots in such circumstances is an upward curvature, con- 
cave toward the y-axts (Figure 8.2). Then the fractional 
fluorescence remaining (F/Fo) is given by the product of 
the fraction not complexed (/) and the fraction not 
quenched by collisional encounters. Hence, 



F Y 
^> =/ Y + * 9 [Q] 



[8.18] 



In the previous section we found that f { = 1 + Ks[Q]. 
Inversion of Eq. [8.18] and rearrangement of the last term 
on the right yields 

y=(l+*D[Q])(l+tf 5 [Q]) [8.19] 

This modified form of the Stern- Volmer equation is sec- 
ond-order in [Q], which accounts for the upward curvature 
observed when both static and dynamic quenching occur 
for the same fluorophore. 

The dynamic portion of the observed quenching can be 
determined by lifetime measurements. That is, x^x = 1 + 
K D [Q]. If lifetime measurements are not available, then Eq. 
[8. 19] can be modified to allow a graphical separation of K s 
and K D . Multiplication of the terms in parentheses yields 



F 0 



= 1 + (K D + K S )[Q] + KdK s [QV [8.20] 



= 1+^0] 



[8.21] 
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Figure 8.2. Dynamic and static quenching of the same population of 
fiuorophores. 



where 



^app = 
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The apparent quenching constant is calculated at each 
quencher concentration. A plot of tfapp versus [Q] yields a 
straight line with an intercept of Kd + Ks and a slope of 
KdKs (Figure 8.2). The individual values can be obtained 
from the two solutions of the quadratic equation obtained 
(see Eq. [8.23]). The dynamic component can generally be 
selected to be the solution comparable in magnitude to the 
expected diffusion-controlled value. Alternatively, the 
temperature or viscosity dependence of the values, or other 
available information, may be used as a basis for assigning 
the values. 



8.5. EXAMPLES OF STATIC AND 
DYNAMIC QUENCHING 

Before proceeding with additional theories and examples 
of quenching, it seems valuable to present some examples 
which illustrate both static and dynamic quenching. Data 
for oxygen quenching of tryptophan are shown in Figure 
8. 3. 14 The Stern- Volmer plot is linear, which indicates that 
only one type of quenching occurs. The proportional de- 
crease in the fluorescence lifetime and yields proves that 
the observed quenching is due to a diffusive process. From 
the slope of the Stern- Volmer plot, one can calculate that 
Kd = 32.5 AT 1 , or that 50% of the fluorescence is quenched 
at an oxygen concentration of 0.03 lAf. The value of Kd 
and die fluorescence lifetime are adequate to calculate the 
bimolecular quenching constant, J^=1.2x 10 10 AT 1 s" 1 . 
This is the value expected for the diffusion controlled 
bimolecular rate constant between oxygen and tryptophan 
(Eq. [8.11]), which indicates efficient quenching by mo- 
lecular oxygen. 

Static quenching is often observed if the fluorophore and 
quencher can have a stacking interaction. Such interactions 
often occur between purine and pyrimidine nucleotides 
and a number of fiuorophores. 17 " 19 One example is 
quenching of the coumarin derivative C- 1 20 by the nucleo- 
sides uridine (U) and deoxycytidine (dC). The intensity 
Stern- Volmer plot for quenching by U shows clear upward 
curvature (Figure 8.4). The lifetime Stern- Volmer plot is 
linear and shows less quenching than the intensity data. It 
is clear that the intensity of C-120 is being decreased by 
both complex formation with U as well as collisional 
quenching by U. Contrasting data were obtained for 
quenching of C-120 by dC In this case, the Stern- Volmer 
plots are linear for both intensities and lifetimes, and F 0 IF 



244 



PRINCIPLES OF FLUORESCENCE SPECTROSCOPY 



V 2.7 ns 
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Figure 8.3. Oxygen quenching of tryptophan as observed from fluo- 
rescence lifetimes (o) and yields (•). Revised from Ref. 14. 



= t 0 /t. Hence, quenching of C-120 by dC is purely dy- 
namic. 

For quenching of C-120 by U f the static and dynamic 
quenching constants can be determined from a plot of 
versus [U] (Figure 8.5), The slope (S) and intercept (/) 
were found to be 158 AT 2 and 25.6 AT 1 , respectively. 
Recalling that I = K D + K s *ndS = KdK s , rearrangement 
yields 



K$-Ksl + S = 0 



[8.23] 




20 40 60 
[U] or [dC],mM 

Figure 8.4. Quenching of coumarin C-120 by the nucleosides uridine 
(A. F o/F; a, T(/t) and deoxycyadine (O, FtfF; t(/i). The sample was 
excited at the isosbestic point at 360 nm. Revised and reprinted, with 
permission, from Ref. 19, Copyright © 1996, American Chemical Soci- 
ety. 
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Figure 8.5. Separation of the dynamic and static quenching constants 
for quenching of C-120 by U or dC. Data from Ref. 19. 



The solutions for this quadratic equation are Ks = 15.2 or 

10.4 AT 1 . From the lifetime data, we know that Kd is near 

13.5 AT 1 . The lower value of 10.4 AT 1 was assigned as the 
static quenching constant. At a uridine concentration of 
96mAf, 50% of the ground state C-120 is complexed and 
thus nonfluorescent 

It is interesting to mention why the interactions of nu- 
cleosides and nucleotides with C-120 were studied. The 
goal was to develop a method for DNA sequencing using 
a single electrophoretic lane for all four nucleotides. 19 This 
would be possible if coumarin derivatives could be identi- 
fied which display different lifetimes when adjacent to 
each nucleotide. The DNA sequence could then be deter- 
mined from the lifetimes observed for each band on the 
sequencing gel. The use of lifetime measurements in fluo- 
rescence sensing is described in Section 19.2.B, and DNA 
sequencing is described in Section 21.1. 



8.6. DEVIATIONS FROM THE 
STERN-VOLMER EQUATION; 
QUENCHING SPHERE OF ACTION 

Positive deviations from the Stem-Volmer equation are 
frequently observed when the extent of quenching is large. 
Two examples of upward-curving Stern- Volmer plots are 
shown in Figures 8.6 and 8.7 for acrylamide quenching of 
NATA and of the fluorescent steroid dihydroequilenin 
(DHE), respectively. The upward-curving Stern- Volmer 
plots could be analyzed in terms of the static and dynamic 
quenching constants (Eq. [8.19]). This analysis yields Ks 
values near 2.8 and 5.2 AT 1 for acrylamide quenching of 
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NATA Quenching by Acrylamide 




0.05 0.10 0.15 
[ACRYLAMIDE] ,M 

Figure 8.6, Acrylamide quenching of NATA in water. FtfF; o, 
FQ/(Fe W[Q] )* where V= 2.0 AT 1 . Revised from Ref. 15. 



NATA and DHE, respectively. These values imply that 
quencher concentrations near 0.3A/ are required to quench 
one-half of the fluorophores by a static process. Such a 
weak association suggests that the fluorophores and 
quenchers do not actually form a ground-state complex. 
Instead, it seems that the apparent static component is due 
to the quencher being adjacent to the fluorophore at the 
moment of excitation. These closely spaced fluorophore- 
quencher pairs are immediately quenched and thus appear 
to be dark complexes. 

This type of apparent static quenching is usually inter- 
preted in terms of a "sphere of action" within which the 
probability of quenching is unity. The modified form of the 
Stern- Volmer equation which describes this situation is 



y = (1 + KolQl) exp([Q] WV/1000) 



(8.24] 



where V is the volume of the sphere. 21 The data in Figures 
8.6 and 8.7 are consistent with a sphere radius near 10 A, 
which is only slightly larger than the sum of the radii of 
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DHE Quenching 
by Acrylamide 

A T 0 /T 




"0 0.1 0.2 0.3 

[ACRYLAMIDE] (M) 

Figure 8.7. Acrylamide quenching of dihydroequilenin (DHE) in buff- 
er containing 10% sucrose at 11 °C FtfF\ a, k/t; o, F^{Fe V ^\ 
where V = 2.4 M~ l . Revised and reprinted, with permission, from Ref. 
20, Copyright © 1990, American Chemical Society. 



the fluorophore and quencher. When the fluorophore and 
quencher are this close, there exists a high probability that 
quenching will occur before these molecules diffuse apart. 
As the quencher concentration increases, the probability 
increases that a quencher is within the first solvent shell of 
the fluorophore at the moment of excitation. 

8.6.A. Derivation of the Quenching 
Sphere of Action 

Assume the existence of a sphere of volume V within 
which the probability of immediate quenching is unity. 
Intuitively, if a fluorophore is excited when a quencher is 
immediately adjacent, then this fluorophore is quenched 
and is therefore unobservable. The only observable fluoro- 
phores are those for which there are no adjacent quenchers. 
The modified form of the Stern- Volmer equation (Eq. 
[8.24]) is derived by calculating the fraction of fluoro- 
phores which do not contain a quencher within their sur- 
rounding sphere of action. 21 

The Poisson probability distribution states that the prob- 
ability of finding a volume V with n quenchers is 



[8.25] 



where k is the mean number of quenchers per volume V. 
The average concentration of quenchers (in mole- 
cules/cm 3 ) is given by [QJAf/1000, and hence the average 
number of molecules in the sphere is A = V[Q]A//1000. 
Only those fluorophores without nearby quenchers are 
fluorescent. The probability that no quenchers are nearby 
is 



/>(0) = e 



[8.26] 



Thus, the existence of the sphere of action reduces the 
proportion of observable fluorophores by the factor 
exp(-V[Q]W1000), which in turn yields Eq. [8.24]. 
Division of the values of FolF by exp(V[Q]M1000) 
corrects the steady-state intensities for this effect and 
reveals the dynamic portion of the observed quenching 
(Figures 8.6 and 8.7). For simplicity, the static term is often 
expressed in terms of reciprocal concentration. 



8.7. EFFECTS OF STERIC SHIELDING 
AND CHARGE ON QUENCHING 

The extent of quenching can be affected by the environ- 
ment surrounding the fluorophore. One example is the 
quenching of the steroid DHE by acrylamide. When free 
in solution, DHE is readily quenched by acrylamide. How- 
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Figure 8.8. Acrylaraidc quenching of DHE when free in solution (— ) 
and when bound to steroid binding protein (SBP; ■). Revised and re- 
printed, with permission, from Ref. 20, Copyright © 1990, American 
Chemical Society. 

ever, when bound to a steroid binding protein (SBP), much 
less quenching occurs (Figure 8.8). In fact, the modest 
amount of quenching observed was attributed to dissocia- 
tion of DHE from the protein. 20 Protection from quenching 
is frequently observed for probes bound to macromole- 
cules 22,23 and even cyclodextrins. 24 In fact, binding of 
probes to cyclodextrins has been used as a means of 
obtaining room-temperature phosphorescence. 25 The mac- 
romolecules or cyclodextrins provide protection from the 
solvent but usually not complete protection from diffusing 
quenchers. Such solutions are usually purged to remove 
dissolved oxygen in order to observe phosphorescence. 

The electronic charge on the quenchers can also have a 
dramatic effect on the extent of quenching (Figure 8.9). 
This is illustrated by quenching of 1-ethylpyrene (EP) in 
micelles, where the detergent molecules have different 
charges. 26 The quencher was p-tf,tf-dimemylaniline sul- 




Qi 1 1 1 L 
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Figure 8.9. Quenching of 1-ethylpyrene (EP) by p-A^-dimethylanil- 
ine sulfonate (DMAS), in positively charged micelles of dodecyl- 
trimethylammonium chloride (DTAC), neutral micelles of Brij 35, or 
negatively charged micelles of sodium dodecyl sulfate (SDS). Revised 
from Ref. 26. 



fonate (DMAS), which is negatively charged. The micelles 
were positively charged [dodecyltrimethyl ammonium 
chloride (DTAC)]. neutral (Brij 35), or negatively charged 
[sodium dodecyl sulfate (SDS)]. There is extensive 
quenching of EP in the positively charged DTAC micelles, 
and essentially no quenching in the negatively charged 
SDS micelles. In general, one can expect charge effects to 
be present with charged quenchers such as iodide and to 
be absent for neutral quenchers like oxygen and acryl- 
amide. 

8.7.A. Accessibility of DNA-Bound 
Probes to Quenchers 

The most dramatic effects of charge and shielding on 
quenching have been observed for fluorophores bound to 
DNA. One can expect the extent of quenching to be de- 
creased by intercalation of probes into the DNA double 
helix. For instance, EB bound to DNA was found to be 
protected from oxygen quenching by a factor of 30 as 
compared to EB in solution. 14 Given the high negative 
charge density of DNA, one can expect the quenching to 
be sensitive to the charge of the quencher, the ionic strength 
of the solution, and the rate of quencher diffusion near the 
DNA helix. 27 - 28 

Collisional quenching by oxygen was used to study 
quenching of several DNA-bound probes. 29,30 Oxygen was 
chosen as the quencher because it is neutral and should thus 
be unaffected by the charge on the DNA. Hie probes were 
selected to have different sizes and different modes of 
binding to DNA (Figure 8.10). Proflavine intercalates into 
double-helical DNA and was expected to be protected 
from quenching. In fact, the bimolecular quenching con- 
stant was less than 10% of the diffusion-controlled rate 




Hoechst 33258 

Figure 8. 1 0. Structure of three probes bound to DNA (Table 8.2). From 
Ref. 30. 
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Table 8.2. Decay Times and Oxygen Quenching 
Constants of Probes Bound to DNA a 



Fluorophore Type of complex 


x 0 (ns) 




Proflavine Intercalation 


6.3 


<0.1 x 10*° 


Coronene Partial intercalation 


225 


0.17 xlO 10 


Hoechst 33258 Minor groove 


3.5 


1.1 xlO 10 



fl Rcf. 30. 



(Table 8.2). The k q value for proflavine may be smaller than 
shown, as there was little quenching under these experi- 
mental conditions. Hoechst 33258 is known to bind to the 
minor groove of DNA. Surprisingly, the k q value for 
Hoechst 33258 bound to DNA was near the diffusion-con- 
trolled limit, suggesting complete accessibility by oxygen. 
The behavior of coronene was intermediate. Coronene is 
rather large and not able to fully fit into a DNA helix. The 
intermediate value of k qt reflecting partial exposure to 
water, was explained as due to partial intercalation of 
coronene. These results illustrate how the extent of probe 
exposure can be correlated with the bimolecular quenching 
constant. Knowledge of the unquenched fluorescence life- 
times was essential for calculating the values of k q from 
the Stern- Volmer quenching constants. 

The extent of quenching can also be affected by the 
charge on the quenchers. This is illustrated by iodide 
quenching of Hoechst 33258 when free in solution and 
when bound to DNA (Figure 8.11). Hoechst 33258 is 
readily quenched by iodide when free in solution but is not 
quenched when bound to DNA. In the previous paragraph 
we saw that Hoechst 33258 bound to DNA was completely 
accessible to the neutral quencher oxygen. Apparently, the 
negative charges on DNA prevent iodide from coming into 
contact with Hoechst 33258 when bound to the minor 
groove of DNA. 




u? 1,1 
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Figure 8.11. Iodide quenching of Hoechst 33258 in the absence (•) and 
presence (a) of calf thymus DNA. The ionic strength was kept constant 
using KCI. Revised from Ref. 31. 



8.7.B. Quenching of Ethenoadenine 
Derivatives 

The nucleotide bases of DNA are mostly nonfluorescent. 
Fluorescent analogs of adenine nucleotides have been cre- 
ated by addition of an etheno bridge, the so-called e-ATP 
derivatives (Chapter 3). Depending on the pH and extent 
of phosphorylation, the charge on the ethenoadenine nu- 
cleotides ranges from -3 for e-ATP to 0 for ethenoadenos- 
ine. Hence, one expects the extent of quenching to depend 
on the charge of the quencher. 

Stern- Volmer plots for the various ethenoadenine nu- 
cleotides are shown in Figure 8.12. For the neutral 
quencher acrylamide, there is no effect of charge. For the 
positively charged quencher TT\ the largest Stern- Volmer 
constant was observed for e-ATP, with progressively 
smaller values as the number of negatively charged phos- 
phates decreased. The opposite trend was observed for 
iodide quenching. Such effects of charge on quenching can 
be used to determine the local charge around fluorophores 
on proteins based on quenching by positive, neutral, and 
negatively charged quenchers. 32 " 34 



8.8. FRACTIONAL ACCESSIBILITY TO 
QUENCHERS 

Proteins usually contain several tryptophan residues that 
are in distinct environments. Each residue can be differ- 
ently accessible to quencher. Hence, one can expect com- 
plex Stern- Volmer plots and even spectral shifts due to 
selective quenching of exposed versus buried tryptophan 
residues. One example is quenching of lysozyme. This 
protein from egg white has six tryptophan residues, several 
of which are known to be near the active site. Lysozyme 
fluorescence was measured as a function of the concentra- 
tion of trifluoroacetamide (TFA), which was found to be a 
collisional quencher of the fluorescence. 35 The Stern— 
Volmer plot curves downward toward the x-axis (Figure 
8.13, left). As will be described below, this is a charac- 
teristic feature of two fluorophore populations, one of 
which is not accessible to the quencher. In the case of 
lysozyme, the emission spectrum shifts progressively to 
shorter wavelengths with increasing TFA concentration 
(Figure 8.13, right). This indicates that those tryptophan 
residues emitting at longer wavelengths are quenched 
more readily than the shorter-wavelength tryptophans. 

The emission spectrum of the quenched residues can be 
calculated by taking the difference between the un- 
quenched and quenched emission spectra. This difference 
spectrum (Figure 8.13, right) shows that the quenched 
residues display an emission maximum at 348 nm. The 
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buffer, 0. 1 M KC1, 20 °C, pH 7.0. Revised from Ref. 34. 



protected residues display an emission maximum at 333 
nm. 

8.8.A. Modified Stern-Volmer Plots 

The differing accessibilities of tryptophan residues in pro- 
teins have resulted in the frequent use of quenching to 
resolve the accessible and inaccessible residues. 36 Suppose 
that there are two populations of fluorophores, one being 
accessible (a) to quenchers and the other being inaccessible 
or buried (b). In this case the Stern-Volmer plot will 
display downward curvature (Figure 8.13). The total fluo- 
rescence in the absence of quencher (Fo) is given by 



Lysozyme 
X««295nm 
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Figure 8.13. Quenching of lysozyme by trifluoroacetamide (TFA). 
Left: Stem- Volmer plot Right: Emission spectra with increasing concen- 
trations of TFA. Also shown is the difference spectrum (diff), 0.0M - 
0.11 M TFA. Revised and reprinted from Ref. 35, Copyright © 1984, with 
permission from Elsevier Science. 



^0 = ^ + ^06 



[8.27] 



where the 0 subscript once again refers to the fluorescence 
intensity in the absence of quencher. In the presence of 
quencher, the intensity of the accessible fraction (f a ) is 
decreased according to the Stern-Volmer equation, 
whereas the buried fraction is not quenched. Therefore, the 
observed intensity is given by 



F = 



[8.28] 



where K a is the Stern-Volmer quenching constant of the 
accessible fraction and [Q] is the concentration of 
quencher. Subtraction of Eq. [8.28] fromEq. [8.27] yields 



KJW 



1+ATJQ] 



[8.29] 



Inversion of Eq. [8.29] followed by division into Eq. [8.27] 
yields 



1 



f a K a [Q\ ' fa 



1 



[8.30] 



where/a is the fraction of the initial fluorescence which is 
accessible to quencher. 



18.31] 



This modified form of the Stem- Volmer equation allows 
fa and Ka to be determined graphically (Figure 8.14). A plot 
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of Fo/AF versus 1/[Q] yields fl x as the intercept and 
{f a K a y x as the slope. A ^-intercept of fa 1 may be under- 
stood intuitively. The intercept represents the extrapolation 
to infinite quencher concentration (1/[Q] = O). The value 
of Fo/(Fo - F) at this quencher concentration represents the 
reciprocal of the fluorescence which was quenched. At 
high quencher concentration, only the inaccessible resi- 
dues will be fluorescent. 

In separation of the accessible and inaccessible fractions 
of the total fluorescence, it should be realized that there 
may be more than two classes of tryptophan residues. Also, 
even the presumed "inaccessible" fraction may be partially 
accessible to quencher. This possibility is illustrated by the 
dashed curves in Figure 8.14, which show the expected 
result if the Stern-Volmer constant for the buried fraction 
(K b ) is one-tenth of that for the accessible fraction 
(K b = 0.1 K a ). For a limited range of quencher concentra- 
tions, the modified Stern-Volmer plot can still appear to 
be linear. The extrapolated value of f a would represent an 
apparent value somewhat larger than seen with K b - 0. 
Hence, the modified Stern-Volmer plots provide a useful 
but arbitrary resolution of two assumed classes of trypto- 
phan residues. 

8.8.B. Experimental Considerations in 
Quenching 

Although quenching experiments are straightforward, 
there are several potential problems. One should always 
examine the emission spectra under conditions of maxi- 
mum quenching. As the intensity is decreased, the contri- 
bution from background fluorescence may begin to be 
significant. Quenchers are often used at high concentra- 
tions, and the quenchers themselves may contain fluores- 
cent impurities. Also, the intensity of the Raman and 
Rayleigh scatter peaks is independent of quencher concen- 
tration. Hence, the relative contribution of scattered light 
always increases with quenching. 

It is also important to consider the absorption spectra of 
the quenchers. Iodide and acrylamide absorb light below 
290 nm. The inner filter effect due to their absorption can 
decrease the apparent fluorescence intensity and thereby 
distort the quenching data. Regardless of the quencher 
being used, it is important to determine if the inner filter 
effects are significant. If inner filter effects are present, the 
observed fluorescence intensities must be corrected. The 
lifetime measurements are mostly independent of inner 
filter effects because these measurements are relatively 
independent of total intensity. 

When iodide or other ionic quenchers are used, it is 
important to maintain a constant ionic strength. This is 
usually accomplished by addition of KC1. When iodide is 




Figure 8.14. Stern-Volmer (top) and modified Stern-Volmer plots 
{bottom) for two populations of fluorophores, one of which is inaccessible 
to quencher. The dashed curves show the effect of the "inaccessible- 
population being quenched with a K value one-tenth of that for the 
accessible population. 



used, it is also necessary to add a reducing agent such as 
Na 2 S 2 0 3 . Otherwise, I 2 is formed, which is reactive and 
can partition into the nonpolar regions of proteins and 
membranes. 



8.9. APPLICATIONS OF QUENCHING 
TO PROTEINS 

8.9.A. Fractional Accessibility of 
Tryptophan Residues in Endonuclease III 

Since the pioneering study of lysozyme quenching, 36 there 
have been numerous publications on determining the frac- 
tion of protein fluorescence accessible to quenchers. 
In Section 16.5 we show that proteins in the native state 
often display a traction of the emission which is not 
accessible to water-soluble quenchers and that denatura- 
tion of the proteins usually results in accessibility of all the 
tryptophan residues to quenchers. The possibility of buried 
and exposed residues in a single protein is illustrated by 
endonuclease III (endo HI). Endo III is a DNA repair 
enzyme which displays both tf-glycosylase and 
apurinine/apyrimidinic lyase activities. The structure of 
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Figure 8.1 5. Structure of cndo III, showing the exposed residue trp- 1 32 
and the buried residue trp- 178 near the iron-sulfur cluster. Courtesy of 
Dr. Charles P. Scholes. 



endo m shows two domains, with the DNA binding site in 
the cleft region. Endo III contains two tryptophan resi- 
dues. 40 Trp- 132 is exposed to the solvent, and trp- 178 is 
buried in one of the domains (Figure 8.15). Hence, one 
expects these residues to be differently accessible to water- 
soluble quenchers. 

The modified Stern- Volmer plot for quenching of endo 
III by iodide shows clear evidence for a shielded fraction 
(Figure 8.16). Extrapolation to high iodide concentrations 
yields an intercept near 2, indicating that only half of the 
emission can be quenched by iodide. This suggests that 
both trp residues in endo III are equally fluorescent and 
that only one residue (trp- 132) can be quenched by iodide. 
Similar results have been obtained for a large number of 
proteins, and the extent of quenching is known to depend 
on the size and polarity of the quenchers. 6,7 Quenching of 
solvent-exposed residues in proteins is now a standard tool 
in the characterization of proteins. 
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Figure 8.1 6. Modified Stern- Volmer plot for iodide quenching of endo 
III, showing evidence for two types of tryptophan residues. The inacces- 
sible fraction i$f a = 0.47. Revised from Ref. 40. 



8.9.B. Effect of Conformational Changes 
on Tryptophan Accessibility 

The conformational state of a protein can have an influence 
on the exposure of its tryptophan residues to solvent. This 
is illustrated by the cyclic AMP receptor protein (CRP) 
from Escherichia coli. 4{ This protein regulates the expres- 
sion of over 20 genes in E. coli. CRP consists of two 
identical polypeptide chains, each containing 209 amino 
acids. It contains two nonidentical trp residues at positions 
13 and 85. 

Stem- Volmer plots for the quenching of CRP by acryl- 
amide in the absence and in the presence of bound cyclic 
AMP (cAMP) are shown in Figure 8. 17. In the absence of 
cAMP, the Stern- Volmer plot shows obvious downward 
curvature, indicating that one of the trp residues is inacces- 
sible or only slightly accessible to acrylamide. Binding of 
cAMP results in a dramatic change in the Stern- Volmer 
plot, which becomes linear. Apparently, binding of cAMP 
to the CRP causes a dramatic conformational change 
which results in exposure of the previously shielded trp 
residue. Changes in accessibility due to conformational 
changes have been reported for other proteins. 42 Binding 
of substrates to proteins can also result in shielding of 
tryptophan, as has been observed for lysozyme 36 and for 
wheat germ agglutinin. 35 

8.9.C. Quenching of the Multiple Decay 
Times of Proteins 

The intensity decays of proteins are typically multiexpo- 
nential. Hence, it is natural to follow the individual decay 
times as the protein is exposed to increasing concentrations 
of quencher. One example is provided by the investigation 
of the CRP protein just described. 41 FD data for its intrinsic 
tryptophan emission yield decay times near 1.5 and 6.8 ns. 
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Figure 8.1 7 Stem- Volmer plot for acrylamide quenching of cAMP 
receptor protein in the absence (O) and in the presence (•) of cAMP. 
Revised from Ref. 41. 
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Similar decay times were observed in the absence and the 
presence of bound cAMP. For the protein without bound 
cAMP, the shorter decay time did not change with increas- 
ing iodide concentration (Figure 8.18, top), whereas the 
long lifetime decreased. This indicates that the 6.8-ns 
component is due to the exposed trp residue. The 1.5-ns 
component is not quenched by iodide and is assigned to 
the buried trp residue. In the presence of bound cAMP, both 
decay times are seen to decrease in the presence of iodide, 
indicating that both are quenched (Figure 8.18, bottom). 
These results agree with the linear Stern- Volmer plot 
found for CRP with bound cAMP (Figure 8. 17). 

While the results presented in Figure 8.18 show a clear 
separation of decay times, caution is needed when inter- 
preting decay times in the presence of quencher. For many 
proteins, the decay times will be closer than 1 .5 and 6.8 ns, 
and the decay time for each trp residue can depend on 
emission wavelength. Hence, it may not be possible to 
assign a unique decay time to each tryptophan residue. 
Additionally, collisional quenching results in nonexponen- 
tial decays, even if the fluorophore shows a single decay 
time in the absence of quencher. This change in the inten- 
sity decay is due to transient effects in quenching, which 
are due to the rapid quenching of closely spaced flouro- 
phore-quencher pairs, followed by a slower quenching 
rate due to quencher diffusion. The presence of transient 
effects results in additional nanosecond decay times. The 
apparent lifetimes for each residue will be weighted aver- 
ages that depend on the method of measurement. The 
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Figure 8.1 8. Iodide-dependent decay times of CRP in the absence {top) 
and in the presence (bottom) of bound cAMP. Revised from Ref. 41. 



assignment of decay times to trp residues in the presence 
of quenching can be ambiguous. Transient effects in 
quenching are described in the following chapter. 

8.9.D. Effects of Quenchers on Proteins 

When one performs quenching experiments, it is important 
to consider whether the quencher has an adverse effect on 
the protein. Some quenchers, such as 2,2,2-trichlo- 
roethanol, are known to bind to proteins and induce con- 
formational changes. 43 For a time it was thought that 
acrylamide bound to proteins, but it is now accepted that 
such binding does not occur except in several specific 
cases. 44 " 46 However, even the nonperturbing quencher 
acrylamide can affect certain proteins, as was found for 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 47 
This protein contains three tryptophan residues in each 
subunit of the tetrameric enzyme. Quenching of the apoen- 
zyme, which lacks NAD + , by acrylamide yields a Stern- 
Volmer plot that is highly unusual. The extent of quenching 
increases rapidly above OAM acrylamide (Figure 8.19). 
This effect is not seen for the holoenzyme, which contains 
bound NAD*. Acrylamide also caused a slow loss of 
activity and reduction in the number of thiol groups. Acryl- 
amide appears to bind to GAPDH, reacting with the protein 
and destroying its activity. 

8.9.E. Protein Folding of Colicin E1 
• Advanced Topic • 

Colicin El is a 522-residue polypeptide which is lethal to 
strains of E. coli that do not contain the resistance plasmid. 
Colicin El exerts its toxic effects by forming a channel in 
the cytoplasmic membrane which depolarizes and deener- 
gizes the cell. The active channel- forming domain consists 
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Figure 8.1 9. Acrylamide quenching of GAPDH in the absence (•) and 
in the presence (O) of the cofactor NAD + . Revised from Ref. 47. 
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Figure 8.20. Stem-Volmcr plots for acrylamide quenching of NATA 
(x) and three single-tryptophan mutants of the channel-forming peptide 
of colicin El, W-355 (•). W-460(a), and W-443 (■). Revised from Ref. 
48. 



of about 200 residues from the carboxy terminus, which 
form 10 a-helices spanning the membrane. 

The conformation of the membrane-bound form of the 
colicin El channel peptide was studied by acrylamide 
quenching. 48 Twelve single-tryptophan mutants were 
formed by site-directed mutagenesis. The tryptophan resi- 
dues were mostly conservative replacements, meaning that 
the trp residues were placed in positions previously con- 
taining phenylalanine or tyrosine. Stern- Volmer plots for 
acrylamide quenching of three of these mutant proteins 
and of NATA are shown in Figure 8.20. The accessibility 
to acrylamide quenching is strongly dependent on the 
location of the residue, and all residues are shielded rela- 
tive to NATA. Depending on position, the trp residues also 
showed different emission maxima (Figure 8.21). The 
acrylamide bimolecular quenching constants were found 
to closely follow the emission maxima, with lower values 
of k q for the shorter- wavelength tryptophans. Such data can 
be used to suggest a folding pattern for the channel-form- 
ing peptide and to reveal conformational changes that 
occur upon pH activation of colicin El. 
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Figure 8.21 . Emission maxima {top) and bimolecular quenching con- 
stants {bottom) of 12 single-tryptophan mutants of the channel-forming 
peptide of colicin El. Revised and reprinted, with permission, from Ref. 
48, Copyright © 1993, American Chemical Society. 



8.10. QUENCH ING-RESOLVED 
EMISSION SPECTRA 
• Advanced Topic • 

8.1 (LA. Fluorophore Mixtures 

As shown in Section 8.8, the emission spectra of proteins 
often shift in the presence of quenching. This effect occurs 
because the various trp residues are differently sensitive to 
quenching. Stated alternatively, for a mixture of fluoro- 
phores, quenching is expected to be dependent on the 
observation wavelength. This concept has been extended 
to calculation of the underlying emission spectra from the 
wavelength-dependent quenching data. 49 " 54 This is ac- 
complished by measuring a Stern- Volmer plot for each 
emission wavelength (X). For more than one fluorophore, 
the wavelength-dependent data can be described by 

F(X)_ Y fm [8.32] 

where /<X) is the fractional contribution of the Ah fluoro- 
phore to the steady-state intensity at wavelength X, and 
Kj(X) is the Stern-Volmer quencher constant of the ith 
species at X. For a single fluorophore, the quenching 
constant is usually independent of emission wavelength, 
i.e.,tf,<X) = fc. 

In order to resolve the individual emission spectra, the 
data are analyzed by nonlinear least-squares analysis. 
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Typically, one performs a global analysis in which the K t 
values are global, and the/(X) values are variable at each 
wavelength. The result of the analysis is a set of K { values, 
one for each component, and the fractional intensities 
f t (X) at each wavelength, with = 1.0. The values of 
/(X) are used to calculate the emission spectrum of each 
component, 



1.2 



F l {k)=f l {X)F(X) 



[8.33] 



where F(X) is the steady-state emission spectrum of the 
sample. 

The use of quenching-resolved spectra is illustrated by 
a sample containing both DPH and 5-((((2-iodoace- 
tyl)amino)ethyl)amino)naphthalene-l-sulfonic acid 
(IAEDANS). These fluorophores were studied in SDS 
micelles, where their emission spectra are distinct (Figure 
8.22). DPH is not soluble in water, so all the DPH is 
expected to be dissolved in the SDS micelles. IAEDANS 
is water-soluble and negatively charged, so it is not ex- 
pected to bind to the negatively charged SDS micelles. 
Hence, IAEDANS is expected to be quenched by the 
water-soluble quencher acrylamide, and DPH is not ex- 
pected to be accessible to acrylamide quenching. 

Stern-Volmer plots for acrylamide quenching of the 
DPH-IAEDANS mixture as well as the individual fluoro- 
phores are shown in Figure 8.23. As predicted from the 
solubilities of the probes and acrylamide in water, DPH is 
weakly quenched by acrylamide. In contrast, IAEDANS is 
strongly quenched. The extent of quenching for the mix- 
ture is intermediate between that observed for each probe 
alone. As expected for a mixture of fluorophores, the 
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igure 8.22. Steady-state emission spectra of DPH (— ) and IAEDANS 
— ) in 1.2mA/ SDS micelles at 23 °C The concentration of DPH was 
\iM, and that of IAEDANS was 170uAf The excitation wavelength was 
37 nm. Revised from Ref. 49. 
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Figure 8.23. Stern-Volmer plots for acrylamide quenching of 
IAEDANS (0), DPH (•), and IAEDANS and DPH (a) in SDS micelles. 
For the mixture, the solid line represents the fit with calculated parameters 
K\ = 9.9 AT 1 , K 2 = 0 AT 1 ,/, = 0.69, and/ 2 = 0.3 1 at 473 nm. The lower 
panel shows the residuals for this fit Revised from Ref. 49. 



Stern-Volmer plot curves downward due to the increasing 
fractional contribution of the more weakly quenched spe- 
cies at higher quencher concentrations. 

The curvature in the Stern-Volmer plots was used to 
recover the values of K t {\) and/f(X) at each wavelength. In 
this case the K t {k) values were not used as global parame- 
ters, so that Ki(k) and K%(\) were obtained for each wave- 
length. At all wavelengths, there were two values near 
Q.5M~ l and 9.5AT 1 , representing the quenching constants 
of DPH and IAEDANS, respectively. At the shortest wave- 
length, below 420 nm, there is only one K,{\) value be- 
cause only DPH emits. The recovered values of f$.) were 
used to calculate the individual spectra from the spectrum 
of the mixture (Figure 8.24). In Chapters 4 and 5 we saw 
how the component spectra for heterogeneous samples 
could be resolved using the TD or the FD data. The use of 
wavelength-dependent quenching provides similar results, 
without the use of complex instrumentation. Of course, the 
method depends on the probes being differently sensitive 
to collisional quenching, which normally occurs if the 
decay times are different. 

8.1 0.B. Quenching-Resolved Emission 
Spectra of the E. coll Tet Repressor 

The Tet repressor from £. coli is a DNA-binding protein 
which controls the expression of genes that confer resis- 
tance to tetracycline. This protein contains two tryptophan 
residues at positions 43 and 75. W43 is thought to be an 
exposed residue, and W75 is thought to be buried in the 
protein matrix. 54 Earlier studies of single-tryptophan mu- 
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Figure 8.24. Bottom: Emission spectrum of the DPH-IAEDANS mix- 
ture and quenching-resolved emission spectra of DPH (•) and IAEDANS 
(O). Top: Wavelength dependence of the quenching constants, with aver- 
age values of K x = 9.6 AT 1 and K 2 = 0.47 AT 1 . Revised from Ref. 49. 



tants of the Tet repressor confirmed the accessibility of 
W43 to iodide and the shielding of W75 from iodide 
quenching. 53 Hence, this protein provided an ideal model 
protein with which to attempt quenching resolution of the 
individual emission spectra of two tryptophan residues in 
a protein. 

Stern- Volmer plots for iodide quenching of the Tet 
repressor were measured for various emission wave- 
lengths 54 (Figure 8.25). A larger amount of quenching was 
observed for longer wavelengths. When the quenching 
data were analyzed in terms of two components, one of 
these components was found to be almost inaccessible to 
iodide. For instance, at 324 nm the recovered values are/j 
= 0.34, A:, = 16.2 iVT\/ 2 = 0.66, and K 2 = 0. The wave- 
length-dependent data were used to calculate the individ- 
ual spectra (Figure 8.26). The blue-shifted spectrum with 
a maximum at 324 nm corresponds to the inaccessible 
fraction, and the red-shifted spectrum with a maximum at 
349 nm is the fraction accessible to iodide quenching. 
These emission spectra are assigned to W-75 and W-43, 
respectively. 

The results in the top panel of Figure 8.26 illustrate one 
difficulty often encountered in the determination of 
quenching-resolved spectra. The quenching constant for a 
single species can be dependent on emission wavelength. 
In this case the quenching constant of the accessible tryp- 
tophan changed about twofold across its emission spec- 
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Figure 8.25. Stem- Volmer iodide plots for iodide quenching of the 
wild-type Tet repressor. The emission wavelengths are indicated on the 
figure. The solution contained ImAf sodium thiosulfate to prevent forma- 
tion of /J. From Ref. 54. 



trum. When this occurs, the values of K t {k) cannot be 
treated as global parameters. 

The assignments of the quenching-resolved spectra are 
consistent with the results obtained using single-trypto- 
phan mutants of the Tet repressor 55 (Figure 8.27). Little, if 
any, quenching was observed for the protein containing 
only W-75, and W-43 was readily quenched by iodide. 
Iodide quenching of the wild-type protein is intermediate 
between that of the two single-tryptophan mutants. While 
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Figure 8.26. Bottom: Fluorescence quenching-resolved spectra of 
wild-type Tet repressor, obtained using potassium iodide as the quencher. 
Top: Wavelength-dependent values of K\. From Ref. 54. 




[KI] (mM) 



Figure 8.27. Stem- Volmer plots for the iodide quenching of E. coliTct 
repressor (wild type, WT) and its mutants (F43 and F75). Revised from 



the same information is available from the mutant proteins, 
the use of quenching provided the resolved spectra with 
the use of only the wild-type protein. 

It is valuable to notice a difference in the method of data 
analysis for the modified Stern- Volmer plots (Section 
8.8.A) and for the quenching-resolved emission spectra. In 
analyzing a modified Stern- Volmer plot, one assumes that 
a fraction of the fluorescence is totally inaccessible to 
quenchers. This may not be completely true because one 
component can be more weakly quenched, but still 
quenched to some extent. If possible, it is preferable to 
analyze the Stern- Volmer plots by nonlinear least-squares 
analysis when the/, and K t values are variable. With this 
approach, one allows each component to contribute to the 
data according to its fractional accessibility, instead of 
forcing one component to be an inaccessible fraction. Of 
course, such an analysis is more complex, and the data may 
not be adequate to recover the values of and Kj at each 
wavelength. 



8.1 1 . QUENCHING AND ASSOCIATION 
REACTIONS 

8.11, A. Quenching Due to Specific 
Binding Interactions 

In the preceding sections we considered quenchers that 
were in solution with the macromolecule but did not dis- 
play any specific interactions. Such interactions can occur 
and can appear to be of static quenching. 56 " 39 One example 
is provided by serum albumin. Serum albumin consists of 
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a single polypeptide chain, with a molecular weight near 
65,000. Albumin is present in high concentrations in blood 
serum, 35-45 mg/ml, and is important for maintaining 
osmotic balance and for transport of hydrophobic species. 
Albumins have hydrophobic sites which are known to bind 
fatty acids and many fluorescent probes. Human serum 
albumin (HSA) has a single tryptophan residue, and bovine 
serum albumin (BSA) has two tryptophan residues. 

BSA and HSA can bind halogenated anesthetics. This 
binding is seen by the effect of chloroform (CHC1 3 ) on the 
fluorescence intensity of BSA (Figure 8.28). Addition of 
CHC1 3 is seen to result in a progressive decrease in the 
fluorescence intensity of BSA. In the paper in which these 
results were reported, 58 there was no mention of photo- 
chemical effects, which we found surprising; in our expe- 
rience, excitation of tryptophan in the presence of CHC1 3 
results in the formation of blue fluorescent species. 

The dependence of the BSA emission on the CHCl 3 
concentration is shown in Figure 8.29 along with the 
effects of CHCI3 on the emission of tryptophan and another 
protein, apomyoglobin. The effect of CHC1 3 on BSA is - 
greater than that seen for trp or apomyoglobin, suggesting 
a specific interaction with BSA. The fact that there is 
hydrophobic binding of CHQ 3 to BSA is shown by the 
effect of trifluoroethanol (TFE), which disrupts hydropho- 
bic binding. In 50% TFE, CHC1 3 no longer quenches BSA 
to the extent seen in water. 

How can one determine whether the quenching seen for 
BSA in water is due to CHC1 3 binding or to coilisional 
quenching? One method is to calculate the apparent bi- 
molecular quenching constant (k%*) m Assume that the de- 
cay time of BSA is near 5 ns. The data in Figure 8.29 
indicate a JC SV value of 400 AT 1 . The fluorescence is 50% 
quenched at 2.5mA/ CHC1 3 . These values correspond to 
a bimolecular quenching constant of *J p P = 
8 x 10 10 AT 1 s~\ which is about 10-fold larger than the 
maximum value possible for diffusion-limited quenching 
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8.28. Emission spectra of BSA in the presence of various 
concentrations of chloroform. Revised from Rcf. 58. 



256 



PRINCIPLES OF FLUORESCENCE SPECTROSCOPY 




'0 10 20 30 40 
[CHLOROFORM] (mM) 

Figure 8.29. Fluorescence intensities of BSA (•), tryptophan (■), and 
apomyoglobin (□) in the presence of various amounts of dissolved 
CHC1 3 . 0, BSA in 50% trifluoroethanol (TFE), which disrupts hydropho- 
bic binding to BSA. Revised from Ref. 58. 



in water. Hence, there must be some interaction that in- 
creases the local concentrations of CHC1 3 around the tip 
residues in BSA. Since there is no reason to expect ground- 
state complex formation between trp and CHC1 3 , the 
quenching may be dynamic. However, the CHC1 3 is prob- 
ably bound in close proximity to the trp residues, giving 
the appearance of a dark complex. 

Another example of quenching due to a specific binding 
interaction is shown in Figure 8.30 for binding of caffeine 
to HSA, an experiment most of us start each morning. The 
Stern-Volmer plots show a value of K S \ = 7150 AT 1 . This 
value is obviously too large to be due to collisional quench- 
ing, especially for a lifetime near 5 ns. The value of It* 9 is 
1.4 x 10 12 s~\ over 100-fold larger than the maximum 
diffusion-limited rate. Hence, the caffeine must be bound 
to the HSA. Caffeine is an electron-deficient molecule and 
may form ground-state complexes with indole. This pos- 
sibility could be tested by examination of the absorption 
spectra of HSA in the absence and presence of caffeine. If 
ground-state association with indole occurs, then the trp 
absorption spectrum is expected to change. Another indi- 
cator of complex formation is the temperature dependence 
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of the Stern-Volmer plots. For diffusive quenching, one 
expects more quenching at higher temperatures. In the case 
of HSA and caffeine, there is less quenching at higher 
temperatures (Figure 8.30), which suggests that the com- 
plex is less stable at higher temperatures. 

8.11.B. Binding of Substrates to 
Ribozymes 

The catalytic properties of highly structured RNAs have 
been the subject of numerous studies since 1982; when it 
was first reported that certain RNAs, termed ribozymes, 
could display enzymatic activity. One example is the hair- 
pin ribozyme, which cleaves single-stranded RNA (Figure 
8.31). The early observations of quenching by nucleo- 
tides 17,18 (Section 8.5) provided the opportunity to study 
substrate binding to ribozymes. The substrate contained a 
fluorescein residue covalently linked at the 3'-end. The 
hairpin ribozyme contains a guanosine residue at the 5'- 
end. Upon binding of substrate nucleotide to the ribozyme, 
the fluorescein emission is quenched (Figure 8.32), 
Quenching also occurs when the fluorescein-labeled sub- 
strate binds to the substrate-binding strand (SBS) which 
contains a S'-guanosine residue (G-SBS). The guanosine 
residue is needed for quenching, and the emission of 
fluorescein is unchanged in the presence of the substrate- 
binding strand without a S'-termina] guanosine residue 
(not shown in Figure 8.32). This example shows how 
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Figure 8.30. Quenching of HSA by caffeine at three temperatures. 
Revised from Ref. 59. 



Figure 8,31 . Structure of the hairpin ribozyme (HpRz) and the fluo- 
rescein-labeled substrate. The substrate-binding strand is the region 
adjacent to the substrate. Reprinted, with permission* from Ref. 60, 
Copyright © 1997, Cambridge University Press. 
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Figure 8.32. Emission spectra of the fluorescein-labeled substrate 
analog (dA_ t ) in solution and when bound to the hairpin ribozyme 
(HpRz) or the guanosine-containing substrate-binding strand (G-SBS). 
From Ref. 60. 



tains acrylamide, there should be an increase in e-ADP 
fluorescence on binding to the helicase. 

Solutions of e-ADP were titrated with the helicase (Fig- 
ure 8.33). In the absence of acrylamide, there was little 
change in the e-ADP fluorescence. The titrations were 
performed again, in solutions with increasing amounts of 
acrylamide. Under these conditions, e-ADP showed an 
increase in fluorescence upon binding. This increase oc- 
curred because the e-ADP became shielded from acryl- 
amide upon binding to helicase. The authors also showed 
that acrylamide had no effect on the affinity of e-ADP for 
helicase. 61 In this system the use of a quencher allowed 
measurement of a binding reaction that would otherwise 
be difficult to measure. 



fundamental studies of nucleotide quenching have found 
useful applications in modern biochemistry. 

8.1 1 -C. Association Reactions and 
Quenching 

Fluorescence is often used to measure association reac- 
tions. This requires that the fluorescence of one of the 
reactants changes upon binding. While this often occurs, 
it is not always the case. One example is the binding of 
e-ADP to the DnaB helicase hexamer. The fluorescence of 
e-ADP displayed only a small increase upon binding to the 
protein. Collisional quenching was used to induce a larger 
change in fluorescence on binding. 61 Acrylamide is an 
efficient quencher of e-ADP, which should be quenched 
more strongly in solution than when bound to the helicase. 
Hence, if the binding is studied in a solution which con- 
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8,12. INTRAMOLECULAR QUENCHING 

Quenching can also occur between covalently linked 
fluorophore-quencher pairs. 62,63 One common example is 
the formation of exciplexes by covalently linked aromatic 
hydrocarbons and amines. 64,65 Another example is the 
covalent adduct formation by indole and acrylamide. For 
example, the lifetime of N-acetyltryptamine is near 5. 1 ns. 
When the acetyl group is replaced by an acryloyl group, 
the lifetime is reduced to 31 ps (Figure 8.34). Similarly, 
covalent attachment of spin labels to a naphthalene deriva- 
tive reduced its lifetime from 33.7 to 1.1 ns. 

The concept of intramolecular quenching can be used to 
obtain structural information 66 as was demonstrated for a 
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Figure 8.33. Buorescence titration of e-ADP, at a constant concentra- 
tion of nucleotide, with the DnaB helicase in buffer containing different 

concentrations of acrylamide. Revised and reprinted from Ref. 61, Copy- Figure 8.34. Huoroohore-<|uencher conjugates which display intra- 

right © 1997, with permission from Elsevier Science. molecular quenching. * 3 




Figure 8.35. Structure of peptides containing naphthylalanine and 
p-bromopnenylalanine, separated by 0 (top), 1 (middle), or 2 (bottom) 
amino acid residues. Revised and reprinted, with permission, from Ref. 
66, Copyright © 1993, American Chemical Society. 




WAVELENGTH (nm) 

Figure 8.36. Emission spectra of the peptides shown in Figure 8.45. 
Also shown is the emission spectrum of a control peptide with a pheny- 
lalanine group in place of p-bromophenylalanine. Revised and reprinted, 
with permission, from Ref. 66, Copyright © 1993, American Chemical 
Society. 



series of peptides containing a naphthylalanine fluoro- 
phore and a /?-bromophenylalanine quencher (Figure 
8.35). The probe and quencher were separated by 0, 1, or 
2 amino acid residues. Emission spectra of these peptides 
show minimal quenching except for separation by 2 amino 
acid residues (Figure 8.36). In this case the fluorophore 
and quencher are adjacent, resulting in over 50% quench- 
ing of the naphthylalanine. These results suggest that, in 
solution, this peptide adopts a conformation with the 
bromo group near the indole ring. 



8.13. QUENCHING OF 
PHOSPHORESCENCE 

Phosphorescence is not usually observed in fluid solutions 
near room temperature. One reason for the absence of 
phosphorescence is the long phosphorescence lifetimes 
and the presence of dissolved oxygen and other quenchers. 
For instance, recent data for tryptophan revealed a phos- 
phorescence lifetime of 1.2 ms at 20 °C. 67 Suppose that the 
oxygen bimolecular quenching constant is 1 x 10 AT s" 
and that the aqueous sample is in equilibrium with dis- 
solved oxygen from the air (0.255mAf O2). Using Eq. [8. 1], 
the intensity is expected to be quenched 3000-fold. For this 
reason, methods have been developed to remove dissolved 
oxygen from samples used to study phosphorescence. 
In practice, other dissolved quenchers and nonradiative 
decay rates result in vanishingly small phosphorescence 
quantum yields in room-temperature solutions. Some ex- 
ceptions are known, such as when fluorophores are located 
in highly protected environments within proteins. 
Phosphorescence has also been observed at room tempera- 
ture for probes bound to cyclodextrins, even in the pres- 
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Figure 8.37. Phosphorescence decay of alkaline phosphatase ai 25 °C 
in the absence of oxygen and in the presence of 7.8fiAf oxygen. Revised 
and reprinted, with remission, from Ref. 77, Copyright © 1987, Bio- 
physical Society. 
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Subunit Interface 



Figure 8.38. Structure of the alkaline phosphatase dimer, showing the phosphorescent residue trp-109. Courtesy of Dr. An Gafni, University of 
Michigan. 
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ence of oxygen. 74 However, in general, phosphorescence 
is not commonly observed near room temperature. 

Protein phosphorescence can be quenched by a number 
of small molecules such as amino acids, H 2 0, and CS 2 , 75,76 
in addition to oxygen. An example of the dramatic quench- 
ing of protein phosphorescence by even low concentra- 
tions of oxygen is shown for alkaline phosphatase 
phosphorescence 77 in Figure 8.37. It is now known that the 
phosphorescence from alkaline phosphatase results from 
one of its three nonidentical tryptophan residues, trp-109. 
This residue is located in a highly shielded environment 
near the dimer interface (Figure 8.38). In the presence of 
7.8jiA/ oxygen, the phosphorescence lifetime is reduced 
from 1.57 s to 0.1 s. Note that an oxygen concentration of 
l.%\xM would have an insignificant effect on nanosecond 
fluorescence. It is also important to notice that trp-109 in 
alkaline phosphatase is one of the most shielded residues 
identified to date in a protein. The lifetimes in the absence 
and presence of 7.8^A/ oxygen can be used to calculate a 
value of 1.2 x 10 6 A*" 1 s" 1 for the bimolecular quenching 
constant k q . If the residue were more typical, with a lc q value 
of 0.1 x 10 9 Af 1 s~\ one can calculate that the decay time 
in l.%\xM oxygen would have been reduced to 1 .28 ms, and 



thus quenched by over 1000-fold for a micromolar 
quencher concentration. 
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PROBLEMS 

8. 1 . Separation of Static and Dynamic Quenching ofAcridone 
by Iodide-. The following data were obtained for quenching 
of acridone in water at 26 tt C. 78 KN0 2 is used to maintain 
a constant ionic strength and does not quench the fluores- 
cence of arcidone. 
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[KI] (AO 


[KNO2KM) 


FfJF 


0.0 


1.10 


H-0] 


0.04 


1.06 


4.64 


0.10 


1.00 


10.59 


0.20 


0.90 


23.0 


0.30 


0.80 


37.2 


0.50 


0.60 


68.6 


0.80 


0.30 
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A. Construct a Stem-Volmer plot. 

B. Determine the dynamic (Kp) and static (K s ) quench- 
ing constants/Use the quadratic equation to obtain 
Kp and K s from the slope and intercept of a plot of 
tfapp versus [Q]. 

C. Calculate the observed bimolecular quenching con- 
stant The unquenched lifetime Tq = 17.6 ns. 

D. Calculate the diffusion-limited bimolecular quench- 
ing constant and the quenching efficiency. The diffu- 
sion constant of KI in water is 2.065 x 1 0" 5 cm 2 /s for 
lAf KI (Handbook of Chemistry and Physics, 55th 
ed.). 

E. Comment on the magnitude of the sphere of action 
and the static quenching constant, with regard to the 
nature of the complex. 

8.2. Separation of Static and Dynamic Quenching: The follow- 
ing table lists the fluorescence lifetimes and relative quan- 
tum yields of 1 0-methylacridinium chloride (MAC) in the 
presence of adenosine monophosphate (AMP). 



8 • QUENCHING OF FLUORESCENCE 



[AMP] (tnA/) 


T(ns) 


Intensity 


0 


32.9 


1.0 


1.75 


26.0 


0.714 


3.50 


21.9 


0.556 


5.25 


18.9 


0.426 


7.00 


17.0 


0.333 



A. Is the quenching dynamic, static, or both? 

B. What is (are) the quenching constant(s)? 

C. What is the association constant for the MAC-AMP 
complex? 

D. Comment on the magnitude of the static quenching 
constant 

E. Assume that the AMP-MAC complex is completely 
nonfluorescent and that complex formation shifts the 
absorption spectrum of MAC. Will the corrected ex- 
citation spectrum of MAC, in the presence of nonsatu- 
rating amounts of AMP, be comparable to the 
absorption spectrum of MAC or that of the MAC- 
AMP complex? 

8.3. Effects of Dissolved Oxygen on Fluorescence Intensities 
and Lifetimes'. Oxygen is known to dissolve in aqueous 
and organic solutions and is a collisional quencher of 
fluorescence. Assume that your measurements are accu- 
rate to 3%. What are the lifetimes above which dissolved 
oxygen from the atmosphere will result in changes in the 
fluorescence intensities or lifetimes that are outside your 
accuracy limits? Indicate these lifetimes for both aqueous 
and ethanolic solutions. The oxygen solubility in water is 
0.001275M for a partial pressure of 1 atm. Oxygen is 
fivefold more soluble in ethanol than in water. The follow- 
ing information is needed to answer this question: ^ (in 
water) = 1 x 10 10 M~ l s" 1 ; k q (in ethanol) = 2 x 10 10 AT 1 

8.4. Intramolecular Complex Formation by Flavin Adenine 
Dinucleotide (FAD): FAD fluorescence is quenched both 
by static complex formation between the flavin and ade- 
nine rings and by collisions between these two moieties. 
Ravin mononucleotide (FMN) is similar to FAD except 
that it lacks the adenine ring. Use the following data for 
FAD and FMN to calculate the fraction complexed if) and 
the collisional deactivation rate (k) of the flavin by the 
adenine ring. Q is the relative quantum yield. Note that the 
deactivation rate is in units of s" 1 . 

T (FMN) = 4.6 ns 

t (FAD) = 2.4 ns 

fi(FMN) = 1 .0 (assumed unity) 

G(FAD) = 0.09 

8.5. Quenching of Protein Fluorescence; Determination of the 
Fraction of the Total Fluorescence Accessible to Iodide: 
Assume that a protein contains four identical subunits, 
each containing two tryptophan residues. The following 
data are obtained in the presence of iodide. 



fl-l (\A\ 
U J \M) 


265 

Fluorescence intensity 


0.00 


1.0 


0.01 


0.926 


0.03 


0.828 


U.UD 


0.767 


0.10 


0.682 


0.20 


0.611 


0.40 


0.563 



A. What fraction of the total tryptophan fluorescence is 
accessible to quenching? 

What property of the Stern- Volmer plots indicates an 
inaccessible fraction? 

B. Assume that all the tryptophans have equal quantum 
yields and lifetimes (5 ns). How many tryptophan 
residues are accessible to quenching? 

C. What are the bi molecular quenching constants for the 
accessible and inaccessible residues? 

D. Assume that you could selectively excite the accessi- 
ble tryptophans by excitation at 300 nm. Draw the 
predicted Stern-Volmer and modified Stem-r Volmer 
plots for the accessible and the inaccessible residues. 

8.6. Quenching of Endonuclease III; Figure 8.39 shows the 
effect of a 19-mer of poly(dA-dT) on the intrinsic trypto- 
phan emission of endo nuclease III (Endo III). Explain the 
data in terms of the structure of endo HI (Figure 8,15). Is 
the quenching collisional or static? Assume that the un- 
quenched decay time is 5 ns. The concentration of endo 
IIIis0.8uJlf. 




19-mer (dAdT) ( pM) 

Figure 8.39. Fluorescence intensity of endo III with increasing con- 
centrations of a 19-mer of poly(dA-oT). Revised from Ref. 40. 
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Fluorescence resonance energy transfer (FRET) is transfer 
of the excited-state energy from the initially excited donor 
(D) to an acceptor (A). The donor molecules typically emit 
at shorter wavelengths which overlap with the absorption 
spectrum of the acceptor. Energy transfer occurs without 
the appearance of a photon and is the result of long-range 
dipole-dipole interactions between the donor and ac- 
ceptor. The term resonance energy transfer (RET) is pre- 
ferred because the process does not involve the appearance 
of a photon. The rate of energy transfer depends upon the 
extent of spectral overlap of the emission spectrum of the 
donor with the absorption spectrum of the acceptor, the 
quantum yield of the donor, the relative orientation of the 
donor and acceptor transition dipoles, and the distance 
between the donor and acceptor molecules. The distance 
dependence of RET has resulted in its widespread use to 
measure distances between donors and acceptors. 

The most common application of RET is to measure the 
distances between two sites on a macromolecule. Typi- 
cally, a protein is covalently labeled with a donor and an 
acceptor (Figure 13.1). The donor is often a tryptophan 
residue, but extrinsic donors are also used. If there is a 
single donor and acceptor, and if the D-A distance does 
not change during the excited-state lifetime, then the D-A 
distance can be determined from the efficiency of energy 
transfer. The transfer efficiency can be determined by 
steady-state measurements of the extent of donor quench- 
ing due to the acceptor. 

Resonance energy transfer is also used to study macro- 
molecular systems in which a single D-A distance is not 
present, such as assemblies of proteins and membranes or 
unfolded proteins where there is a distribution of D-A 
distances. The extent of energy transfer can also be influ- 
enced by the presence of donor-to-acceptor diffusion dur- 
ing the donor lifetime. Although information can be 
obtained from the steady-state data, such systems are usu- 
ally studied using time-resolved measurements. These 



more advanced applications of RET are presented in Chap- 
ters 14 and 15. 

An important characteristic of energy transfer is that it 
occurs over distances comparable to the dimensions of 
biological macromolecules. The distance at which RET is 
50% efficient, called the Forster distance, 1 is typically in 
the range of 20-60 A. The rate of energy transfer from a 
donor to an acceptor (k T ) is given by 

* 7= ±f*°f [13.1] 

where td is the decay time of the donor in the absence of 
acceptor, Ro is the Forster distance, and r is the donor-to- 
acceptor (D-A) distance. Hence, the rate of transfer is 
equal to the decay rate of the donor in the absence of 
acceptor (l/t/>) when the D-A distance (r) is equal to the 
Forster distance (Ro). When the D-A distance is equal to 
the Forster distance (r = Ro), then the transfer efficiency is 
50%. At this distance (r = Ro), the donor emission would 
be decreased to one-half of its intensity in the absence of 
acceptor. The rate of RET depends strongly on distance, 
being inversely proportional to / (Eq. [13.1]). 

Forster distances ranging from 20 to 90 A are convenient 
for studies of biological macromolecules. These distances 
are comparable to the diameter of many proteins, the 
thickness of biological membranes, and the distance be- 
tween sites on multisubunit proteins. Any phenomenon 
which affects the D-A distance will affect the transfer rate, 
allowing the phenomenon to be quantified. Energy-trans- 
fer measurements have been used to estimate the distances 
between sites on macromolecules and the effects of con- 
formational changes on these distances. In this type of 
application, one uses the extent of energy transfer between 
a fixed donor and acceptor to calculate the D-A distance 
and thus obtain structural information about the macro- 
molecule (Figure 13.1). Such distance measurements have 
resulted in the description of RET as a "spectroscopic 
ruler." 2,3 For instance, energy transfer can be used to 
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Figure 1 3.1 . Fluorescence resonance energy transfer for a protein with 
a single donor (D) and a single acceptor (A). 

measure the distance from a tryptophan residue to a ligand 
binding site when the ligand serves as the acceptor. 

In the case of multidomain proteins, RET has been used 
to measure conformational changes which move the do- 
mains closer or further apart. Energy transfer can also be 
used to measure the distance between a site on a protein 
and a membrane surface, association between protein 
subunits, and lateral association of membrane-bound pro- 
teins. In the case of macromolecular association reactions, 
one relies less on determination of a precise D- A distance, 
and more on the simple fact that energy transfer occurs 
whenever the donors and acceptors are in close proximity 
comparable to the Forster distance. 

The use of energy transfer as a proximity indicator 
illustrates an important characteristic of energy transfer. 
Energy transfer can be reliably assumed to occur whenever 
the donors and acceptors are within the characteristic 
Forster distance, and whenever suitable spectral overlap 
occurs. The value of Rq can be reliably predicted from the 
spectral properties of the donors and acceptors. Energy 
transfer is a through-space interaction which is mostly 
independent of the intervening solvent and/or macromole- 
cule. In principle, the orientation of the donors and ac- 
ceptors can prevent energy transfer between a closely 
spaced D-A pair, but such a result is rare, and possibly 
nonexistent in biomolecules. Hence, one can assume that 
RET will occur if the spectral properties are suitable and 
the D-A distance is comparable to Rq. A wide variety of 
biochemical interactions result in changes in distance and 
are thus measurable using RET. 

RET is a process which does not involve emission and 
reabsorption of photons. The theory of energy transfer is 
based on the concept of a fluorophore as an oscillating 
dipole, which can exchange energy with another dipole 
with a similar resonance frequency. 4 Hence, RET is similar 



to the behavior of coupled oscillators, like two swings on 
a common supporting beam. In contrast, radiative energy 
transfer is due to emission and reabsorption of photons and 
is thus due to inner filter effects. Radiative transfer depends 
upon less interesting optical properties of the sample, such 
as the size of the sample container, the path length, the 
optical densities of the sample at the excitation and emis- 
sion wavelengths, and the geometric arrangement of the 
excitation and emission light paths. In contrast, nonradia- 
tive energy transfer contains a wealth of structural infor- 
mation concerning the donor-acceptor pair. 

RET contains molecular information which is different 
from that revealed by solvent relaxation, excited-state re- 
actions, fluorescence quenching, or fluorescence anisot- 
ropy. These other fluorescence phenomena depend on 
interactions of the fluorophore with other molecules in the 
surrounding solvent shell. These nearby interactions are 
less important for energy transfer, except for their effects 
on the spectral properties of the donor and acceptor. Non- 
radiative energy transfer is effective over much longer 
distances, and the intervening solvent or macromolecule 
has little effect on the efficiency of energy transfer, which 
depends primarily on the D-A distance. In this chapter we 
will describe the basic theory of nonradiative energy trans- 
fer. This theory is applicable to a D-A pair separated by a 
fixed distance, but we also describe examples of RET from 
membrane-bound proteins to randomly distributed lipid 
acceptors and the use of RET to study association reac- 
tions. More complex formalisms are needed to describe 
other commonly encountered situations, such as distance 
distributions (Chapter 14) and the presence of multiple 
acceptors (Chapter 15). 



13.1. THEORY OF ENERGY TRANSFER 
FOR A DONOR-ACCEPTOR PAIR 

The theory for RET is moderately complex, and similar 
equations have been derived from classical and quantum- 
mechanical considerations. We will describe only the final 
equations. Readers interested in the physical basis of RET 
are referred to the excellent review by Clegg. 4 RET is best 
understood by considering a single donor and acceptor 
separated by a distance r. The rate of transfer for a donor 
and acceptor separated by a distance r is given by 

_ / , gpK 2 f9000(ln 10)^ 7 4 



[13.2] 



where Qo is the quantum yield of the donor in the absence 
of acceptor; n is the refractive index of the medium, which 
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is typically assumed to be 1 .4 for biomolecules in aqueous 
solution; N is Avogadro's number; tn is the lifetime of the 
donor in the absence of acceptor; /t>(X) is the corrected 
fluorescence intensity of the donor in the wavelength range 
X to X + AX, with the total intensity (area under the curve) 
normalized to unity; e fl (X) is the extinction coefficient of 
the acceptor at X, which is typically in units of AT 1 cm -1 ; 
K 2 is a factor describing the relative orientation in space of 
the transition dipoles of the donor and acceptor and is 
usually assumed to be equal to |, which is appropriate for 
dynamic random averaging of the donor and acceptor (see 
Section 13.1. A below). In Eq. [13.2] we wrote the transfer 
rate kr as a function of r, kr (r), to emphasize its depend- 
ence on distance. 

The overlap integral 7(A) expresses the degree of spectral 
overlap between the donor emission and the acceptor 
absorption, 

oo 

\F D {\)z A (k)\*dk 

M)4^W 4 ^ = 1 4 [13.3] 

° /WW* 
o 

fi?(X) is dimensionless. If Ea(X) is expressed in units of AT 1 
cm* 1 and X is in nanometers, then J(k) is in units of M~ x 
cm" 1 nm 4 . If X is in centimeters, then /(X) is in units of AT 1 
cm 3 . In calculating 7(X), one should use the corrected 
emission spectrum with its area normalized to unity (Eq. 
[13.3], middle) or normalize the calculated value of /(X) 
by the area (Eq. [13.3], right). The overlap integral has 
been defined in several ways, each with different units. In 
our experience, we find that it is easy to get confused so 
we recommend the units of nanometers or centimeters for 
the wavelength and units of AT 1 cm" 1 for the extinction 
coefficient. 

Because the transfer rate k T (r) depends on r, it is incon- 
venient to use this rate constant in the design of biochemi- 
cal experiments. For this reason, Eq. [13.2] is written in 
terms of the Forster distance R& at which the transfer rate 
k T {r) is equal to the decay rate of the donor in the absence 
of acceptor (tp ). At this distance, one-half of the donor 
molecules decay by energy transfer and one- half decay by 
the usual radiative and nonradiative rates. From Eqs. [13.1] 
and [13.2] with k T (r) = tp, one obtains 

0 

This expression allows the Forster distance to be calculated 
from the spectral properties of the donor and the acceptor 



and the donor quantum yield. While Eq. [13.4] looks 
complex, many of the terms are simple physical constants. 
It is convenient to have simpler expressions for Ro in terms 
of the experimentally known values, which is accom- 
plished by combining the constant terms in Eq. [13.4]. If 
the wavelength is expressed in nanometers, then /(X) is in 
units of AT 1 cm" 1 (nm) 4 and the Forster distance, in ang- 
stroms, is given by 



R Q = 0.21 UkVGoAX)] 1 * (in A) [13.5] 



and 



= 8.79 x IQ-^rT^Qo /(X)J (in A 6 ) H3.6] 

If the wavelength is expressed in centimeters and J(k) is in 
units of M~ 1 cm 3 , then the Forster distance is given by 

$ = 8.79 x IQ-^lK^Qp J(K)] (in cm 6 ) I l 3.7] 



or 



R 0 = 9.78 x [(^[k^Qo 7(X)] 1/6 (in A) H3.8] 



and 



R$ = 8.79 x IO^icVQa /(X)] (in A 6 ) [13.9] 

It is important to recognize that the Forster distances are 
usually reported for an assumed value of k 2 , typically K 2 = 
|. Once the value of Ro is known, the rate of energy transfer 
can be easily calculated using 



[13.10] 



One can then readily determine whether the rate of transfer 
will be competitive with the decay rate (xp) of the donor. 
If the transfer rate is much faster than the decay rate, then 
energy transfer will be efficient. If the transfer rate is 
slower than the decay rate, then little transfer will occur 
during the excited-state lifetime, and RET will be ineffi- 
cient. 

The efficiency of energy transfer (E) is the fraction of 
photons absorbed by the donor that are transferred to the 
acceptor. This fraction is given by 



Td 1 +*7 



[13.11] 



which is the ratio of the transfer rate to the total decay rate 
of the donor. Recalling that kr- Tb^Ko/r) 6 , one can easily 
rearrange Eq. [13.1 1] to yield 
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[13.12] 



This equation shows that the transfer efficiency is strongly 
dependent on distance when the D-A distance is near Ro 
(Figure 13.2). The efficiency quickly increases to 1.0 as 
the D-A distance decreases below Ro. For instance, if r = 
0. 1 Ro, one can readily calculate that the transfer efficiency 
is 0.999999, so that the donor emission would not be 
observable. Conversely, the transfer efficiency quickly de- 
creases to zero if r is greater than Ro. Because E depends 
so strongly on distance, measurements of the distance (r) 
are only reliable when r is within a factor of 2 of Ro (see 
Problem 13.7). If r is twice the F6rster distance (r = 2Ro)> 
then the transfer efficiency is 1.56%. 

The transfer efficiency is typically measured using the 
relative fluorescence intensity of the donor, in the absence 
(F D ) and presence (F DA ) of acceptor. The transfer effi- 
ciency can also be calculated from the lifetimes under these 
respective conditions {x D and x DA ): 



E=l- 



£=1- 



[13.13] 



[13.14] 



It is important to remember the assumptions involved in 
the derivation of these equations. Equations [13.13] and 
[13.14] are only applicable to donor-acceptor pairs which 
are separated by a fixed distance. This situation is fre- 
quently encountered for labeled proteins. However, a sin- 
gle fixed donor-acceptor distance is not found for a 




Figure 13.2. Dependence of the energy transfer efficiency (£) on 
distance. Ro is the Forster distance. 



mixture of donors and acceptors in solution, nor for donors 
and acceptors dispersed randomly in membranes. More 
complex expressions are required in these cases, and such 
expressions are generally derived by averaging the transfer 
rate over the assumed spatial distribution of donor-ac- 
ceptor pairs. 5 

The use of lifetimes in Eq. [13.13] has been a source of 
confusion. In Eq. [13.13] we have assumed that the decay 
of the donor is a single exponential in the absence (% D ) and 
presence (x DA ) of acceptor. Single-exponential decays are 
rare in biomolecules. If the intensity decays are multiex- 
ponential, then it is important to use average decay times 
in Eq. [13.13] which are proportional to the steady-state 
intensities. These averages are given by the sum of the 
a/Tf products. Also, even if the donor decay is a single 
exponential, the decay rate in the presence of acceptor will 
only remain a single exponential if there is a single D-A 
distance. The presence of acceptors at more than one 
distance can result in more complex decays (Chapter 14). 

Assuming that the single-distance model is appropriate, 
one sees that the rate of energy transfer is dependent upon 
R 0t which in turn depends upon K 2 , n, and J(K). These 
factors must be known in order to calculate the distance. 
The refractive index is generally known from the solvent 
composition or is estimated for the macromolecule. The 
refractive index is often assumed to be close to that of water 
(« = 1.33) or small organic molecules (n = 1.39). The 
quantum yield of the donor, Q D , is determined by compari- 
son with standard fluorophores. Since Q D is used as the 
sixth root in the calculation of Ro, small errors in Q D do 
not have a large effect on R 0 . The overlap integral must be 
evaluated for each D-A pair. The greater the overlap of the 
emission spectrum of the donor with the absorption spec- 
trum of the acceptor, the higher is the value of Rq. Ac- 
ceptors with larger extinction coefficients result in larger 
R 0 values. In the equations presented above, it was assumed 
that the lifetime of the donor was not altered by binding of 
the acceptor, other than by the rate of energy transfer. For 
labeled macromolecules, this may not always be the case. 
Allosteric interactions between the donor and acceptor 
sites could alter the donor lifetime by enhancement of other 
decay processes, or by protection from these processes. 
Under these circumstances, more complex analysis of the 
apparent transfer efficiency is required, typically by a 
comparison of the apparent efficiency by donor quenching 
and enhanced acceptor emission (Section 13.3.D). 

The dependence of R 0 on spectral overlap is illustrated 
in Figure 13.3 for RET from structural isomers of dansyl- 
labeled phosphatidylethanolamine (DPE) to the eosin-la- 
beled lipid (EPE). Each of the dansyl derivatives of DPE 
displays a different emission spectrum. 5 As the spectra of 
the DPE isomers shift to longer wavelengths, the overlap 



1 



-.,1 



; :1 



with the absorption spectrum of EPE increases and the 
R 0 values increase (Table 13.1). One notices that Ro is not 
very dependent upon J(k). For instance, for two of the D-A 
pairs, a 120-fold change in the overlap integral results in a 
2.2-fold change in the Forster distance. This is because of 
the sixth-root dependence in Eq. [13.5]. It should also be 
noted that the visual impression of overlap is somewhat 
misleading because the value of J(k) depends on X 4 (Eq. 
[13.3])- Comparison of the spectral overlap for 2,5-DPE 




300 400 500 600 
WAVELENGTH (nm) 

Figure 1 3.3. Excitation (— ) and emission (— ) spectra of dansyl-la- 
beled lipids and an eosin-labeled lipid. The eosin- and dansyl-labeled 
compounds are N-derivatives of phosphatidyl thanolamine (PE). In the 
designations of the dansyl-PE (DPE) derivatives, the numbers refer to the 
location of the dimethylamino and sulfonyl residues on the naphthalene 
ring of the dansyl group. The extinction coefficient of eosin-PE (EPE) is 
85,000 AT 1 cm" 1 at 527 nm. In the top three panels, the long- wavelength 
absorption spectrum of eosin-PE is shown as a dotted curve. Revised from 
Ref.S. 



and 1,5-DPE suggests a larger Fdrster distance for 1,5- 
DPE, whereas the calculated value is smaller. The larger 
Forster distance for 2,5-DPE is due to its larger quantum 
yield. 

Because of the complexity in calculating overlap inte- 
grals and Forster distances, it is convenient to have several 
examples. Values of the overlap integral corresponding to 
the spectra in Figure 13.3 are summarized in Table 13.1. 

Brief Biographical Sketch of Theodor Fdrster 
The theory for resonance energy transfer was devel- 
oped by Professor Theodor Forster (Figure 13.4). He 
was born in Frankfurt, Germany, in 1 91 0. He received 
a Ph.D. in 1933 for studies of the polarization of 
reflected electrons. He then became a research assis- 
tant in Leipzig, Germany, where he studied light ab- 
sorption of organic compounds until 1942. In this 
phase of his work, he applied the newly developed 
principles of quantum mechanics to chemistry. His 
most productive period followed World War II. From 
1942 to 1945, he held a professorship in Poznan, 
Poland, where he did not appear to publish any papers, 
but he did get married. In 1945 he joined the Max- 
Planck Institute for Physical Chemistry in G6ttingen, 
where he wrote his classic book Fluoreszenz Organis- 
cher Verbindungen, which has been described as a 
concentrated "house bible" for the German commu- 
nity of spectroscopists. By 1 946 Professor Fdrster had 
written his first paper on energy transfer and pointed 
out the importance of energy transfer in photosynthesis 
systems. Professor Forster was also among the first 
scientists to observe excited-state proton transfer, 
which is now described by the Forster cycle. In 1954 
he discovered excimer formation. Professor Fdrster 
died of a heart attack in his car on the way to work in 
1974. (For additional biographical information, see 
Ref. 6 and the Introduction about Theodor Forster in 
Ref. 7.) 

1 3. 1 .A. Orientation Factor K 2 

A final factor in the analysis of the energy-transfer efficien- 
cies is the orientation factor k 2 , which is given by 



K 2 = (cos 67-3 cos Q D cos Q A f 



[13.15] 



= (sin Q D sin $a cos 0 - 2 cos 8 D cos d A f (13.16] 

In these equations, Br is the angle between the emission 
transition dipole of the donor and the absorption transition 



Table 13.1 . Calculated Ro Values for RET from Structural Isomers of Dansyl-Labeled Phosphatidylethanolamine (DPE) 
to Eosin-Labeled Ethanolamine (EPE) and from 2,6-DPE to 2,5-PPE 



Donor 


Acceptor 






/(AT 1 cm 3 (run) 4 )* 


*o(A) 


1,5-DPE 

2.5- DPE 

2.6- DPE 
2,6-DPE 


EPE 
EPE 
EPE 
2,5-DPE 


0.37 
0.76 
0.71 
0.71 


2.36 XlO" 13 
1.54 x 10" 13 
3.31 xlO" 14 
1.3 x 10~ 15 


2.36 x 10 13 
1.54 xlO 13 
3.31 xlO 14 
1.3 xlO 13 


4S.7 
51.2 
39.1 
22.8 


°From Rcf. 5. Rq was calculated using n » 1.4 and k 2 = |. 
b Thc factor of 10 28 between J(k) in AT 1 cm 3 and AT 1 cm 3 nm 4 1 


irises from 1 nm => 


10" 7 cm, raised to the fourth power. 





dipole of the acceptor, 8o and 9* are the angles between 
these dipoles and the vector joining the donor and the 
acceptor, and <(> is the angle between the planes (Figure 
13.5). Depending upon the relative orientation of donor 
and acceptor, K 2 can range from 0 to 4. For collinear and 
parallel transition dipoles, K 2 = 4, and for parallel dipoles, 
K 2 = 1 . Since the sixth root of K 2 is taken in calculating the 
distance, variation of K 2 from 1 to 4 results in only a 26% 
change in r. With k 2 = |, as is usually assumed, the 
calculated distance can be in error by no more than 35%. 
However, if the dipoles are oriented perpendicular to one 
another, K 2 = 0, which would result in serious errors in the 
calculated distance. This problem has been discussed in 
detail. 8 " 10 By measurements of the fluorescence anisot- 



ropy of the donor and the acceptor, one can set limits on 
k 2 and thereby minimize uncertainties in the calculated 
distance. 9 " 11 An example of calculating the range of pos- 
sible values of K 2 is given in Section 13.2.B. In general, 
variation of K 2 seems to have not resulted in major errors 
in the calculated distances. 12,13 Generally, K 2 is assumed 
equal to |, which is the value for donors and acceptors that 
randomize by rotational diffusion prior to energy transfer. 
This value is generally assumed for calculation of Ro. 
Alternatively, one may assume that a range of static do- 
nor — acceptor orientations are present and that these ori- 
entations do not change during the lifetime of the excited 
state. In this case, K 2 = 0.476. 3 For fluorophores bound to 
macromolecules, segmental motions of the donor and ac- 
ceptor tend to randomize the orientations. Further, many 




Figure 1 3.4. Professor Theodor Fdrster, May 15, 1910-May 20, 1974. 
Reprinted, with permission, from Ref. 6, Copyright © 1974, Springer- 
Verlag. 




x 2 «(cos e T -3cos0 D cos$ A ) 2 
x 2 - ( sin 9 0 sin 9 A cos 0-2 cos 9 D cos 9 A ) 

Figure 1 3.5. Dependence of the orientation factor K 2 on the directions 
of the emission dipole of the donor and the absorption dipole of the 
acceptor. 
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donors and acceptors display fundamental anisotropics 
less than 0.4 owing to overlapping electronic transitions. 
In this case, the range of possible K 2 values is more limited, 
and errors in distance are likely to be less than 10%. 14 

1 3.1 .6. Dependence of the Transfer Rate 
on Distance (r), the Overlap Integral (/), 
and k z 

The theory of Forster predicts that kr (r) depends on 1/r 6 
(Eq. [13.1]) and linearly on the overlap integral (Eq. 
[13.2]). Given the complexity and assumptions of RET 
theory, 4 it was important to demonstrate experimentally 
that these dependencies are valid. The predicted 1/r* de- 
pendence on distance was confirmed experimentally. 15 " 17 
One demonstration used oligomers, of poly-L-proline, la- 
beled on opposite ends with a naphthyl (donor) and a 
dansyl (acceptor) group. 15,16 Poly-L-proline forms a rigid 
helix of known atomic dimensions, providing fixed dis- 
tances between the donor and acceptor moieties. By meas- 
uring the transfer efficiency with different numbers of 
proline residues, it was possible to demonstrate that the 
transfer efficiency in fact decreased as 1/r 6 . These data are 
described in detail in Problem 13.3. 

The linear dependence of k T on the overlap integral J has 
also been experimentally proven. 1 8 This was accomplished 
using a D-A pair linked by a rigid steroid spacer. The 
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Figure 13.6. Absorption and conected fluorescence emission (band- 
pass 2.5 nm) spectra of the BOD1PY derivative C4-BDY-C9 in methanol, 
with shaded area representing spectral overlap. Revised and reprinted, 
with permission, from Ref. 20, Copyright © 1991 , Academic Press, Inc. 



extent of spectral overlap was altered by changing the 
solvent, which shifted the indole donor emission spectrum 
and the carbonyl acceptor absorption spectrum. The rate 
of transfer was found to decrease linearly as the overlap 
integral decreased. These data are shown in Problem 13.4. 
To date, there has not been experimental confirmation of 
the dependence of the transfer rate on k 2 . 

Another important characteristic of RET is that the 
transfer rate is proportional to the decay rate of the fluoro- 
phore (Eq. [13.1]). This means that for a D-A pair spaced 
by the R 0 value, the rate of transfer will be k T = xj} 1 whether 
the decay time is 10 ns or 10 ms. Hence, long-lived 
lanthanides are expected to display RET over distances 
comparable to those for the nanosecond-decay-time 
fluorophores, as demonstrated by transfer from Tb 3 * to 
Co 2+ in thermolysin. 19 This fortunate result occurs because 
the transfer rate is proportional to the emission rate of the 
donor. The proportionality to the emissive rate is due to the 
term Q D /x D in Eq« [13.2]. It is interesting to speculate what 
would happen if the transfer rate were independent of the 
decay rate. In this case, a longer-lived donor would allow 
more time for energy transfer. Then energy transfer would 
occur over longer distances where the smaller rate of 
transfer would still be comparable to the donor decay rate. 

1 3.1 .C Homotransfer and Heterotransfer 

In the preceding sections we considered only energy trans- 
fer between chemically distinct donors and acceptors, 
which is called heterotransfer. RET can also occur between 
chemically identical molecules. Such transfer, termed ho- 
motransfer, typically occurs for fluorophores which dis- 
play small Stokes* shifts. One example of homotransfer is 
provided by the relatively new class of fluorophores re- 
ferred to as BODIPY* dyes. 20 The absorption and emis- 
sion spectra of one BODIPY derivative are shown in 
Figure 13.6. Because of the small Stokes' shift and high 
extinction coefficient of these probes, the Forster distance 
for homotransfer is near 57 A. 

At first glance, homotransfer may seem like an unlikely 
phenomenon, but its occurrence is rather common. For 
example, it is well known that antibodies labeled with 
fluorescein do not become more highly fluorescent with 
higher degrees of labeling. 21 Antibodies are typically 
brightest with about four fluoresceins per antibody, after 
which the intensity starts to decrease. This effect is attrib- 
uted to the small Stokes* shift of fluorescence and ho- 
motransfer. In fact, homotransfer among fluorescent 
molecules was one of the earliest observations in fluores- 



*B0DIPY, 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene. 
BODIPY is a trademark of Molecular Probes, Inc. 
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cence and was detected by a decrease in the anisotropy of 
fluorophores at higher concentrations. 22 The possibility of 
homotransfer can be readily evaluated by examination of 
the absorption and emission spectra. For instance, perylene 
would be expected to display homotransfer, but ho- 
motransfer is unlikely for quinine (Figure 1.3). 



13.2, DISTANCE MEASUREMENTS 
USING RET 

1 3.2.A. Distance Measurements in 
a-Helical Melittin 

Because RET can be reliably assumed to depend on 1/r 6 , 
the transfer efficiency can be used to measure distances 
between sites in proteins. This use of energy transfer has 
been recently summarized in useful reviews. 1 2,23 These 
articles contain Ro values for a number of commonly used 
D-A pairs and offer practical advice. The use of RET in 
structural biochemistry is illustrated in Figure 13.7 for the 
peptide melittin. 24 This peptide has 26 amino acids. A 
single tryptophan residue at position 19 serves as the 
donor. A single dansyl acceptor was placed on the N-ter- 
minal amino group. The spectral properties of this D-A 
pair are shown in Figure 13.8. These spectral properties 
result in a Forster distance of 23.6 A (Problem 13.5). 

Depending upon the solvent conditions, melittin can 
exist in the monomer, tetramer, a-helix t and/or random- 
coil state. 25 " 27 In the methanol- water mixture specified on 
Figure 1 3.7, melittin is in the rigid a-helical state and exists 
as a monomer. There is a single dansyl acceptor adjacent 
to each tryptophan donor, and the helical structure ensures 
a single D-A distance. Hence, we can use the theory 



(Dansyl) 



D (Trp) /fpf 

^.^Y^ 20 V. H,O+80%MeOH 



Figure 1 3.7. Structure of melittin in the a-helical state. The donor is 
tryptophan- 19, and the acceptor is an N-terminal dansyl group. Revised 
fromRef.24. 



described above, and in particular Eqs. [13.12] and 
[13.14], to calculate the D-A distance. 

In order to calculate the D-A distance, it is necessary to 
determine the efficiency of energy transfer. This can only 
be accomplished by comparing the intensity of the donor 
in the presence of acceptor (F^) with the donor intensity 
from a control molecule which lacks the acceptor (F D ). 
From Figure 13.9 one sees that the value of F DA IF D is near 
0.55, so that the transfer efficiency is less than 50% (£ = 
0.45). Since E is less than 0.5, we know that the D-A 
distance must be larger than the R Q value. Using Eq. 
[13.12], and the R 0 value of 23.6 A, one can readily 
calculate that the tryptophan-to-dansyl distance is 24.4 A. 

It is important to notice the assumptions used in calcu- 
lating the distance. We assumed that the orientation factor 
k 2 was equal to the dynamic average of |. In the case of 
melittin, this is a good assumption because both the trp 
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Figure 1 3.8. Overlap integral (shaded area) for energy transfer from a tryptophan donor to a dansyl acceptor on melittin. Rq = 23.6 A. Data from 
Ref 24. 



nor and dansyl acceptor are fully exposed to the liquid 
ase, which is highly fluid. The rotational correlation 
les for such groups are typically near 100 ps, so that the 
K)les can randomize during the excited-state lifetime, 
rhaps the most dangerous assumption is that the sample 
100% labeled with acceptor. If melittin were inconv 
■tely labeled with acceptor, the measured value of F DA 
mid be larger than the true value, and the calculated 
tance too large. Suppose that the fractional labeling with 
;eptor is given by/ A , so that the fractional donor popu- 
ion lacking acceptor is given by 1 -f A . In this case, Eq. 
1.14] becomes 11 

r a high degree of RET donor quenching (FdaIFd « 1). 
mall percentage of unlabeled acceptor can result in a 
ge change in the calculated transfer efficiency (Problem 
•9). 

\nother assumption in calculating the tip to dansyl 
tance in melittin is that a single conformation exists, i.e., 
t there is a single D-A distance. This assumption is 
ibably safe for many proteins in the native state, particu- 
ly for single-domain proteins. For unfolded peptides or 
iltidomain proteins, a variety of conformations can exist, 
ulting in a range of D-A distances. In this case, calcu- 
on of a single distance using Eq. [13.12] would result 
in apparent distance, which would be weighted toward 
shorter distances. Such systems are best analyzed in 
ms of a distance distribution (Chapter 14). 



1 3.2.B. Effect of K 2 on the Possible Range 
of Distances 

In distance measurements using RET, there is often con- 
cern about the effects of the orientation factor K 2 . At 
present, there is no way to measure K 2 , short of determina- 
tion of the X-ray crystal structure, in which case the 
distance would be known and thus there would be no 
reason to use energy transfer. However, it is possible to set 
limits on K 2 , which in turn sets limits on the range of 
possible D-A distances. These limits are determined from 
the anisotropics of the donor and acceptor, which reflect 
the extent of orientational averaging toward the dynamic 
average of K 2 |. 

The problem of K 2 has been discussed in detail by Dale 
and co- workers 8710 and summarized by Cheung. 11 The 
basic idea is that the donor and acceptor move freely within 
a cone and that energy transfer is rapidly averaged over all 
available D-A orientations. Interpretation of the formal- 
ism described by Dale and co-workers 8 " 10 is not always 
straightforward, and we present the method preferred in 
our laboratory. 28 Although it is not possible to calculate the 
values of K 2 , it is possible to set upper and lower limits. 
These values are given by 
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where 
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■re 1 3.9. Emission spectra of the melittin donor (D) and acceptor- 
led melittin (D-A). Excitation at 282 nm. Revised from Ref. 24. 
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The value of d* represents the depolarization factor due to 
segmental motion of the donor {db ) or acceptor (d% ), but 
not the depolarization due to overall rotational diffusion of 
the protein. Overall rotational diffusion is not important 
because it does not change the D-A orientation. The values 
of r, and ro are often taken as the steady-state and funda- 
mental anisotropics, respectively, of the donor or acceptor. 
If the donor and acceptor do not rotate relative to each other 
during the excited-state lifetime, then db =d\ = 1.0, and 
>&i„ = 0 and kLx = 4. If both D and A are independently 
and rapidly rotating over all space, K™ n = Kmax = |. 

There are several ways to obtain the values of d% and 
d\ . The easiest method is to determine the anisotropy 
decays of the donor and acceptor, the latter when directly 
excited. This calculation of a range of K 2 values is illus- 
trated by the anisotropy decays measured for the trypto- 



phan donor and dansy 1 acceptor in ct-helical melittin (Table 
13.2). Both the donor and the acceptor display two corre- 
lation times, one near 2 ns due to overall protein rotation, 
and a shorter correlation time near 0.3 ns due to segmental 
motions of the donor and the acceptor. It is these faster 
motions which randomize K 2 . The values of d x D and d\ 
are given by the ratio of the long-correlation-time ampli- 
tude to the total anisotropy. Hence, for melittin, 
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0.300 



= 0.67 
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Using these values and Eqs. [13.18] and [13.19], one can 
calculate the limits on K 2 , kL, = 0.19 and Kmax = 2.66. 

Once the limiting values of K 2 are known, one may use 
these values to calculate the maximum and minimum 
values of the distance that are consistent with the data. In 
calculating these distances, one must remember that Rq 
was calculated with an assumed value of K 2 = |. Hence, the 
minimum and maximum distances are given by 



f min — 



r max 




[13.23] 



[13.24] 



where r (}) is the distance calculated assuming K 2 = \ . Using 
the limiting values of k 2 , one finds for the example given 
above that the distance can be from 0.81 to 1.26 of r(|), 
the distance calculated with the assumed value of k 2 = j. 
While this range may seem large, it should be remembered 
that there is an additional depolarization factor due to the 
transfer process itself, which will further randomize K 2 
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0.28 




0.135 


2.18 



"From Ref. 24. 

^Determined for donor-only melittin. Similar amplitudes and concUtion times 
were found for Up- 19 in dansyl-melittin. 



toward 1 Equations [13.18]-[13.20] provide a worst-case 
estimate, which usually overestimates the effects of k 2 on 
the calculated distance. For fluorophores with mixed po- 
larization, ro < 0.3, the error in distance is thought to be 
below 10%. 14 

There are two other ways to obtain the depolarization 
factors. One method is to construct a Perrin plot in which 
the steady-state polarization is measured for various vis- 
cosities. Upon extrapolation to the high-viscosity limit, the 
1/rgPP intercept (Section 10.5) is typically larger than l/r 0 
in frozen solution. This difference is usually attributed to 
segmental probe motions and can be used to estimate the 
depolarization factor, d x = Off* lr 0 ) m . Another method is 
to estimate the expected steady-state anisotropy from the 
lifetime and correlation time of the protein and to use these 
data to estimate^ and^J (Problem 13.8). The basic idea 
is to estimate andrfp by correcting for the decrease in 
anisotropy resulting from rotational diffusion of the pro- 
tein. Any loss in anisotropy, beyond that calculated for 
overall rotation, is assumed to be due to segmental motions 
of the donor or acceptor. 

13.2.C. Protein Folding Measured by RET 

Energy transfer has also been widely useful for measure- 
ments of protein folding. One example is for the protein 
serine hydroxymethyltransferase. This protein typically 
has three tryptophan residues, at positions 16, 183, and 
385 29 The acceptor was a pyridoxyl 5'-phosphate (PyP) 
residue covalently linked to lysine-229. One expects pro- 
tein folding or unfolding to affect the distance from^ach 
of the tryptophan residues to PyP, and thus one expects the 
extent of RET to be different for the native and folded 
proteins. 

The presence of three tryptophan residues results in 
emission from three donors, which would be practically 
impossible to interpret. For this reason, single-tryptophan 
mutants were prepared which each lacked the other two trp 
residues. This procedure results in a single trp-PyP pair 
for each mutant protein. Emission spectra are shown for 
the trp- 183 mutant in Figure 13.10. The protein was in- 
itially in 8Af urea, resulting in a random-coil state; the 
initial emission spectrum is shown as the dashed curve in 
Figure 13.10. Upon dilution into buffer without urea, the 
protein began to refold, as seen by a decrease in the 
trp-donor emission and an increase in the PyP-acceptor 
emission. The intensity of the PyP emission increases upon 
refolding due to increased RET from trp- 183. (Enhance- 
ment of acceptor emission is described in more detail in 
Section 13.3.D.) The availability of three single-trypto- 
phan mutants allowed studies of refolding of specific sites 
on the protein. The PyP acceptor emission at 380 nm was 
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Figure 13;i0. Emission spectra of trp-183 in PyP-5'-scrine hy- 
iroxymethyltransferase during refolding. Excitation at 290 nm. Revised 
!rom Ref. 29. 
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Figure 13.11. Time-dependent intensity of PyP at 380 nm in serine 
hydroxymethyltransferase during refolding of the single- tryptophan mu- 
tants. Excitation at 290 nm. Revised from Ref. 29. 



neasured during refolding for each of the mutants (trp- 
183, trp- 16, and trp-385 in Figure 13.1 1), providing infor- 
nation about the folding pathway. For this protein, the 
greatest acceptor enhancement is seen for the trp-183 
nutant, suggesting that trp-183 is closest to PyP in the 
bided protein. Less transfer is seen from the other two 
ryptophan residues. The extent of energy transfer from 
:ach tryptophan residue allowed determination of the trp- 
o-PyP distances. By such experiments, one can determine 
vhich region of the protein folds first and thus gain an 
inderstanding of the folding pathway. These experiments 
>n protein folding represent an important class of experi- 
nents based on protein engineering and site-directed mu- 
agenesis. These techniques of molecular biology make it 
tossible to simplify the spectral signal from multitrypto- 
»han proteins to obtain structural information. 

3.2. D. Orientation of a Protein-Bound 
'eptide 

a the presence of calcium, calmodulin is known to interact 
>ith a number of proteins and peptides. One example is 
inding of a peptide from myosin light-chain kinase 
V1LCK) to calmodulin. 30 Such peptides are known to bind 
l the cleft between the two domains of calmodulin (Figure 
3.12). When bound to calmodulin, the MLCK peptide 




Figure 13.12. Structure of spinach calmodulin. The acceptor is 
AEDANS on cysteine-26 of calmodulin. The tryptophan donor is on the 
MLCK peptides shown in Figure 13.13. Revised and reprinted, with 
permission, from Ref. 30, Copyright © 1992, American Chemical Soci- 
ety. 
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Figure 1 3.1 3. Emission spectra of MLCK peptides when free in solu- 
tion and when bound to AEDANS-calmodulin. The upper and lower 
spectra in each panel correspond to the peptide emission spectra in the 
absence and in the presence of AEDANS-calmodulin, respectively. The 
peptide sequences are shown at the top of the figure, and the calculated 
distances are shown with the spectra. Excitation was at 295 nm. Revised 
and reprinted, with permission, from Ref. 30, Copyright © 1992, Ameri- 
can Chemical Society. 

was known to adopt an a-helical conformation. However, 
the direction of peptide binding to calmodulin was not 
known. 

Information on the direction of binding was obtained by 
studying four similar peptides, each of which contained a 
single tryptophan residue, which served as the donor (Fig- 
ure 13.13). Calmodulin typically contains only tyrosine 
residues, so an intrinsic acceptor was not available. This 
problem was solved by using calmodulin from spinach, 
which contains a single cysteine residue at position 26. 
This residue was labeled with 1,5-IAEDANS, which con- 
tains a thiol-reactive iodoacetyl group. The Forster dis- 
tances for trp-to-AEDANS energy transfer ranged from 2 1 
to 24 A. 

Emission spectra of the tryptophan-containing peptides 
are shown in Figure 13. 13. The excitation wavelength was 
295 nm to avoid excitation of the tyrosine residues in 
calmodulin. Upon binding of AEDANS-calmodulin, the 
tryptophan emission of each peptide was quenched. One 



of the peptides showed a transfer efficiency of 54%, and 
the remaining three peptides showed efficiencies ranging 
from 5 to 16%. These results demonstrated that the N-ter- 
minal region of the peptides bound closely to the N-termi- 
nal domain of calmodulin and illustrate how structural 
information can be obtained by comparative studies of 
analogous structures. 



13,3. USE OF RET TO MEASURE 
MACROMOLECULAR ASSOCIATIONS 

Energy transfer is widely useful in biochemistry even apart 
from its application for the measurement of distances. This 
is because energy transfer occurs independently of the 
linker joining the donor and acceptor and depends only on 
the D-A distance. Hence, any process bringing the donor 
and acceptor into close proximity will result in energy 
transfer. This includes biochemical association reactions, 
as will be illustrated below for protein subunits and DNA 
oligomers. 

1 3.3.A. Dissociation of the Catalytic and 
Regulatory Subunits of a Protein Kinase 

Cyclic 3',5'-adenosine monophosphate (cAMP) is an im- 
portant second messenger in cellular transduction path- 
ways, and it is thus important to develop optical means to 
detect cAMP. Nucleotides are weakly fluorescent or non- 
fluorescent, so that it is not practical to use the intrinsic 
emission of cAMP. One method to detect cAMP is based 
on the effect of cAMP on the cAMP-dependent protein 
kinase. 31 The basic idea is to label the protein subunits with 
donors and acceptors. The presence of cAMP alters the 
extent of RET, which can be monitored by the donor or 
acceptor emission. 

The cAMP-dependent protein kinase (PK) is composed 
of four units, two catalytic (C) and two regulatory (R) 
subunits. These subunits were thought to dissociate in the 
presence of the substrate cAMP and in the presence of 
protein kinase inhibitor (PKI). The association of the cata- 
lytic (C) and regulatory (R) subunits was examined by 
covalently labeling the subunits with a fluorescein (Fl-C) 
and a rhodamine (Rh-R) derivative, respectively. 32 The 
actual probes used were carboxyfluorescein succinimidyl 
ester and Texas Red sulfonyl chloride, which is a rho- 
damine derivative. Absorption and emission spectra are 
shown in Figure 13.14. The Forster distance for this D-A 
pair was 5 1 .3 A and was thus suited for distance measure- 
ments between protein subunits. For calculation of the 
quantum yield of the donor was taken as 0.5, K 2 was 
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» 13.14. Spectral overlap of the fluorescein-labeled catalytic 
it (R-C) and the Texas Red-labeled regulator subunit (Rh-R) of a 
•-dependent protein kinase. — , Absorption spectrum of Fl-C; •■*, 

on spectrum of Fl-C; , absorption spectrum of Rh-R; 

on spectrum of Rh-R. Revised and reprinted, with permission, from 
2, Copyright © 1993, American Chemical Society. 

ned equal to |, and the maximum extinction coeffi- 
of the acceptor was set equal to 85,000 AT 1 cm" 1 . 
>on addition of cAMP, the extent of energy transfer 
jased (Figure 13.15), consistent with a 10-A increase 
e D-A distance. This decrease in RET could be 
preted in terms of a displacement of the donor and 
Dtor to more distant regions of the protein (Figure 
5). While the extent of RET allows a distance calcula- 
tes is not necessary. The fact that energy transfer still 
rs in the protein kinase with bound cAMP demon- 




WAVELENGTH (nm) 

? 13.15. Effect of cAMP and protein kinase inhibitor (PKI) on 
lission spectrum of a donor- and acceptor-labeled cAMP-de pendent 
n kinase. The emission spectrum of the holoenzyme without cAMP 
t (•-) and the emission spectra recorded following addition of cAMP 

and PKI ( ) are shown. Revised and reprinted, with permis- 

rom Ref. 32, Copyright © 1993, American Chemical Society. 




Figure 13.16. Effect of cAMP and protein kinase inhibitor (PKI) on 
the structure and association of cAMP-dependent protein kinase. The 
holoenzyme consists of two catalytic and two regulatory subunits. Re- 
vised from Rcfs. 31 and 32. 

strates that the subunits are still associated in the presence 
of cAMP. If the subunits were dissociated by cAMP, en- 
ergy transfer would be eliminated. This is because for 
unlinked donors and acceptors, the acceptor concentra- 
tions need to be in the millimolar range for Foreter transfer 
to occur (Chapter 15). 

The protein kinase was examined further by addition of 
PKI, which resulted in elimination of energy transfer (Fig- 
ure 13.15). While one could argue about changes in D-A 
distance versus protein dissociation as the cause of this 
effect, the important point from these data is that RET can 
be used as a proximity sensor. For dilute biochemical 
solutions, energy transfer between nonassociated species 
can usually be ignored unless the acceptor concentrations 
are very high (millimolar). Binding will bring donor and 
acceptor within the Forster distance, resulting in energy 
transfer. This example shows how RET can be used to 
measure the extent of association even without knowledge 
of the Forster distance. Of course, such data could be used 
to measure the dissociation constant of cAMP from the 
protein (Problem 13.6). Calculation of the distance is not 
needed to calculate the dissociation constant. Use of the 
donor intensity provides a simple method to monitor the 
rates and extents of any association reaction. 

It is important to remember the possibility of inner filter 
effects, which can distort the measured intensities of the 
donors or acceptors. 33 For instance, in the previous exam- 
ple suppose that the fluorescence emission was measured 
at 550 nm, where the acceptor extinction coefficient is near 
33,000 AT 1 cm" 1 . To maintain the acceptor absorbance 
below 0.05, the concentration of the acceptor-labeled pro- 
tein must be below 1.5jiAf. If higher acceptor concentra- 
tions are used, the intensity values must be corrected for 
the absorption at the excitation and/or emission wave- 
length. 

1 3.3.B. RET Calcium Indicators 

The dependence of RET on proximity has been used to 
develop indicators for calcium. One example used a pep- 
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Figure 13.17. An RET calcium indicator composed of calmodulin and two GFP mutants (R and B) linked by the MLCK which binds to calmodulin. 
FromRef. 34. 



tide from MLCK to link two mutants of green fluorescent 
protein (GFP). 34 By modification of the amino acid se- 
quence of GFP, it is possible to create mutant proteins that 
emit at shorter or longer wavelengths. Two GFP mutants 
which would undergo energy transfer, a red (R) and a blue 
(B) GFP, were selected. These GFPs were placed on oppo- 
site ends of the MLCK peptide. In the presence of calcium, 
calmodulin exposes a hydrophobic surface, which can bind 
to a number of proteins, including the MLCK peptide. 
When calmodulin bound the MLCK peptide, the R and B 
GFPs became more widely separated, and the extent of 
energy transfer decreased (Figure 13.17). Similar results 
were obtained for calmodulin covalently linked to the 
MLCK peptide and the GFPs. 35 An important aspect of this 
work is that the genes for GFP-labeled proteins can be 
prepared by molecular biology and expressed in bacteria. 
This approach bypasses the usual difficulties associated 
with covalent labeling of specific sites on proteins. 

13.3.C Association Kinetics of DNA 
Oligomers 

The general usefulness of RET in investigations of asso- 
ciation reactions is illustrated by studies of donor- and 
acceptor-labeled DNA oligomers that have a complemen- 



tary base sequence. 36-38 In such studies, one strand is 
typically labeled with fluorescein (Fl), and the comple- 
mentary DNA strand is labeled with rhodamine (Rh) (Fig- 
ure 13.18). Upon association, the fluorescein donor is 
quenched. 38 The fluorescence of the donor can be used to 
measure the rates of association or dissociation of the DNA 
oligomers (Figure 13.19). In other studies, the extent of 
RET has been used to detect changes in the melting tem- 
perature of DNA oligomers. The melting temperature was 
found to be sensitive to even a single base pair mismatch. 37 



Fl 





Fl Rh 




Figure 13.18. DNA association kinetics observed using oligonu- 
cleotides labeled with fluorescein (Fl) and rhodamine (Rh). Revised from 
Ref.38. 
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Figure 13.19. Association and dissociation kinetics of complementary 
donor- and acceptor-labeled oligonucleotides, observed using the donor 
(fluorescein) emission intensity. Revised and reprinted, with permission, 
from Ref. 38, Copyright © 1993, American Chemical Society. 



RET has also been used to measure the catalytic activity 
of restriction enzymes, which cleave DNA at specific sites 
in the sequence. One example of this application is on 
investigation of the PaeR7 endonuclease. 39 For this restric- 
tion enzyme, the recognition site consists of a CTCGAG 
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igure 1 3,20. Principle of the RET endonuclease assay. The emission 
lectrum of a 16-mer donor strand ( — ) is quenched upon addition of its 

>mpleraentary rhodamine-labeled strand ( ). The fluorescence 

ttctrum taken after addition of PaeR7 endonuclease (■ • •) shows full 
eovery of the fluorescein emission intensity of the donor strand, indi- 
ting complete cleavage of the DNA duplex substrate. The peak at 580 
n in the emission spectra of duplex samples is due to the rhodamine 
^ptor fluorescence. Revised from Ref. 39. 



sequence. Fluorescein-donor- and rhodamine-acceptor-la- 
beled oligonucleotides served as the substrate (Figure 
13.20). Binding of the DNA strands resulted in donor 
quenching and acceptor enhancement. Digestion with the 
endonuclease resulted in an increase in donor fluorescence 
equivalent to that in the donor-only control. When the 
donors and acceptors are on separate DNA fragments, the 
solution is too dilute for energy transfer. 

The concept used in the endonuclease assay was the 
elimination of RET by enzymatic breakage of a covalently 
linked D-A pair. This concept has been applied in a variety 
of other circumstances, 40 including assay of an HIV-1 
endonuclease, 41 which is involved in integrating the HIV 
into the host DNA. RET has also been used to measure the 
activity of an HIV protease, 42 proteolytic cleavage of 
linked derivatives of GFP 43 and the activity of ribozymes 
in cleaving RNA 44 and as the basis of a general assay for 
DNA cleavage. 45 

1 3.3.D. Energy Transfer Efficiency from 
Enhanced Acceptor Fluorescence 

In a RET experiment the acceptor must absorb light at 
donor emission wavelengths, but the acceptor does not 
need to be fluorescent. However, fluorescent acceptors are 
often used. In these cases, light absorbed by the donor and 
transferred to the acceptor appears as enhanced acceptor 
emission. This enhanced acceptor emission can be seen in 
Figure 13.15 at 620 nm for the Rh-labeled subunits of 
protein kinase when bound to the Fl- labeled subunits and 
in Figure 13.20 at 580 nm when the donor and acceptor 
DNA oligomers are associated. By extrapolating the emis- 
sion spectrum of the donor, one can see that its emission 
extends to the acceptor wavelengths. Hence, the intensity 
measured at the acceptor wavelength typically contains 
some contribution from the donor. 

Use of the acceptor intensities is complicated by the need 
to account for directly excited acceptor emission, which is 
almost always present. 11,46 In the case of protein kinase, 
the acceptor emission without RET (shown as the solid 
curve in Figure 13.15) is about 40% of the intensity with 
RET. This occurs because the acceptor absorbs at the 
excitation wavelength used to excite the donor, resulting 
in acceptor emission without RET. 

Calculation of the transfer efficiency from the enhanced 
acceptor emission requires careful consideration of all the 
interrelated intensities. Assuming that the donor does not 
emit at the acceptor wavelength, the efficiency of transfer 
is given by 



E = 



FaQT) 



-l 



fl 
Id 



[13.25] 
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In this expression, EaQ$) and ZdQ$) are the extinction 
coefficients (single D-A pairs) or absorbance (multiple 
acceptors) of the acceptor and the donor at the donor 
excitation wavelength (A£>), and//) is the fractional label- 
ing with the donor. The acceptor intensities are measured 
at an acceptor emission wavelength (XT) in the absence 
[F A (XT)] and in the presence [Fad(XT)] of donor. This 
expression with //> = 1 .0 can be readily obtained by noting 
that F A (XT) is proportional to e A (Xff) and FadQT) is 
proportional to t A (Xjf) + EtD(Xj}). The accuracy of the 
measured E value is typically less than when using the 
donor emission (Eq. [13.14]). 

It is also important to remember that it may be necessary 
to correct further for the donor emission at k A , which is not 
accounted for in Eq. [13.25]. The possibility of donor 
emission at X A is easily seen from the donor emission 
spectra in Figures 1 3, 1 5 and 1 3.20. The presence of donor 
emission at the acceptor wavelength, if not corrected for in 
measuring the acceptor intensities, will result in an appar- 
ent transfer efficiency larger than the actual value (see 
Problem 13.lt). Equation [13.25] can also be applied 
when multiple acceptors are present, that is, in the case of 
unlinked donor and acceptor pairs (Chapter 15). In this 
case, z D (Xp ) and e^A") are replaced by the optical densi- 
ties of the donor [OD D (AJ?)J and of the acceptor 
[OD a (Xd)] at the donor excitation wavelength. The factor 
\lf D in Eq. [13.25] is the fractional labeling with the donor. 
When measuring the acceptor emission, it is important to 
have complete donor labeling,/^ = 1.0. 

Occasionally, it is difficult to obtain the transfer effi- 
ciency from the sensitized acceptor emission. One diffi- 
culty is a precise comparison of the donor-alone and 
donor-acceptor pair at precisely the same concentration. 
The need for two samples at the same concentration can be 
avoided if the donor- and acceptor-labeled sample can be 
enzymatically digested so as to eliminate energy transfer. 47 
Additionally, methods allowing comparison of the donor- 
alone and donor-acceptor spectra without requiring the 
concentrations to be the same have been developed. This 
is accomplished by relying on the shape of the donor 
emission to subtract its contribution from the emission 
spectrum of the D-A pair. These methods are best under- 
stood by reading the original descriptions. 48,49 

Finally, one should be aware of the possibility that the 
presence of the acceptor affects the donor fluorescence by 
a mechanism other than RET. Such effects could occur due 
to allosteric interactions between the donor and acceptor 
sites. For example, the acceptor may block diffusion of a 
quencher to the donor, or it may cause a shift in protein 
conformation that exposes the donor to solvent. If binding 
of the acceptor results in quenching of the donor by some 
other mechanism, then the transfer efficiency determined 



from the donor will be larger than the true value. In such 
cases, the transfer efficiency determined from enhanced 
acceptor emission is thought to be the correct value. The 
possibility of non-RET donor quenching can be addressed 
by comparison of the transfer efficiencies observed from 
donor quenching and acceptor sensitization 50 (see Problem 
13.11). 



13.4. ENERGY TRANSFER IN 
MEMBRANES 

In the examples of RET described so far, there was a single 
acceptor attached to each donor molecule. The situation 
becomes more complex for unlinked donors and acceptors. 
In this case the bulk concentration of acceptors is important 
because the acceptor concentration determines the D-A 
proximity. Also, one needs to consider the presence of 
more than a single acceptor around each donor. In spite of 
the complexity, RET has considerable potential for studies 
of lateral organization in membranes. For example, con- 
sider a membrane which contains regions that are in the 
liquid phase and regions that are in the solid phase. If the 
donor and acceptor both partition into the same region, one 
expects the extent of energy transfer to be increased, rela- 
tive to that expected for a random distribution of donors 
and acceptors between the phases. Conversely, if donor and 
acceptor partition into different phases, the extent of en- 
ergy transfer will decrease relative to a random distribu- 
tion, an effect which has been observed. 51 Alternatively, 
consider a membrane-bound protein. If acceptor-labeled 
lipids cluster around the protein, then the extent of energy 
transfer will be greater than expected for acceptor ran- 
domly dispersed in the membrane. Energy transfer to 
membrane-localized acceptors can be used to measure the 
distance of closest approach to a donor site on the protein 
or the distance from the donor to the membrane surface. 

RET in membranes is typically investigated by measur- 
ing the transfer efficiency as the membrane acceptor con- 
centration is increased. Quantitative analysis of such data 
requires knowledge of the extent of energy transfer ex- 
pected for fluorophores randomly distributed on the sur- 
face of a membrane. This is a complex problem which 
requires one to consider the geometric form of the bilayer 
(planar or spherical) and transfer between donors and 
acceptors which are on the same side of the bilayer as well 
as those on opposite sides. A variety of approaches have 
been used, 5 ' 5 **" 60 and, in general, numerical simulations 
and/or computer analyses are necessary. These theories are 
complex and not easily summarized. The complexity of the 
problem is illustrated by the fact that an analytical expres- 
sion for the donor intensity for energy transfer in two 
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lensions only appeared in 1964 61 and was extended to 
>w an excluded volume around the donor in 1979. 53 
T to multiple acceptors in one, two, and three dimen- 
ns is described in more detail in Chapter 15. Several of 
se results are presented here to illustrate the general 
m of the expected data. 

V general description of energy transfer on a two-dimen- 
nal surface,has been given by Fung and Stryer. 3 Assum- 
no homotransfer between the donors, and no diffusion 
ing the donor excited-state lifetime, the intensity decay 
he donor is given by 

WO = 1% exp(-r/x D ) exp[-aS(/)] [13.26] 

ere 

5(0 = J { 1 - exp[-(r/T D )(/? 0 /r) 6 ] )2nr dr [13.27] 

hese equations exp[-aS(f)] describes that portion of the 
tor decay due to RET, a is the surface density of the 
eptor, and r c is the distance of closest approach between 
donor and acceptors. The energy-transfer efficiency 
be calculated by an equation analogous to Eqs. [13.13] 
. [13.14], except that the intensities or lifetimes are 
;ulated from integrals of the donor intensity decay: 

*=1--J^<<< [13.28] 

!quations [13.26]-[ 13.28] are moderately complex to 
/e and require use of numerical integration. However, 
approach is quite general and can be applied to a wide 
ety of circumstances by using different expressions for 
that correspond to different geometric conditions, 
ure 13.21 shows the calculated transfer efficiencies for 
se in which the donor and acceptors are constrained to 
lipid-water interface region of a bilayer. Several fea- 
s of these predicted data are worthy of mention. The 
;iency of transfer increases with R 0 and is independent 
he concentration of donor. The absence of energy 
sfer between donors is generally a safe assumption 
:ss the donor displays a small Stokes' shift or the donor 
^entration is high, conditions which favor homotrans- 
Only small amounts of acceptor, 0.4 mol %, can result 
asily measured quenching. For example, with R 0 = 40 
le transfer efficiency is near 50% for just 0.8 mol % 
;ptor, or one acceptor per 125 phospholipid molecules, 
ne may readily visualize how energy quenching data 
Id be used to determine whether the distributions of 
or and acceptor are random. Using the calculated value 
o, one compares the measured extent of donor quench- 



ing with the observed efficiency. If the measured quench- 
ing efficiency exceeds the calculated value, then a prefer- 
ential association of donors and acceptors within the 
membrane is indicated. 62 Less quenching would be ob- 
served if the donor and acceptor are localized in different 
regions of the membrane or if the distance of closest 
approach is restricted due to steric factors. We note that 
these calculated values shown in Figure 13.21 are strictly 
true only for transfer between immobilized donor and 
acceptor on one side of a planar bilayer. However, this 
simple model is claimed to be a good approximation for a 
spherical bilayer. 5 For smaller values of transfer across 
the bilayer is not significant. 

It is also instructive to examine the time-resolved decays 
of the donor in the presence of acceptor (Figure 13.22). In 
the presence of acceptor, the donor decays become signifi- 
cantly nonexponential, especially at higher acceptor con- 
centrations. The origin of this nonexponential decay is the 
time-dependent distribution of acceptors around the ex- 
cited donors. At short times following excitation, there 
exist more donors with nearby acceptors. The donors with 
nearby acceptors decay more rapidly because of the dis- 
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Figure 1 3.21 . Calculated efficiencies of energy transfer for donor-ac- 
ceptor pairs localized in a membrane. The distances labeled on the curves 
are the R 0 values for energy transfer, and A/PL is the acceptor-to-phos- 
pholipid molar ratio. The area per phospholipid was assumed to be 70 
A 2 , so the distance of closest approach was 8.4 A. Revised from Ref. 5. 



384 



PRINCIPLES OF FLUORESCENCE SPECTROSCOPY 



to 
2 



O 

LU 

(J) 
UJ 
(X 

o 
3 

Ul 



> 

_j 

Ul 
QC 



10" 



10" 



10" 



w 10 



10 





A/PL 
















0.0^6 








i i \i 



Figure 13.22. Calculated time-resolved decays of donor fluorescence 
for membrane-bound donors and acceptors. For these calculations Rq = 
40 A. The values labeled on the curves are the acceptor-to-phospholipid 
molar ratios (A/PL). Revised from Ref. 5. 



tance dependence of energy transfer. At later times, the 
donors with nearby acceptors have decayed, and the emis- 
sion results preferentially from donors without nearby 
acceptors. The decay time of these donors is longer, owing 
to a slower rate of energy transfer to more distant acceptors. 



There is considerable information in these time-resolved 
decays, and methods to recover this information are de- 
scribed in Chapter 15. In the more general case, the dis- 
tance between donor and acceptor can vary both as a result 
of a range of distances and by diffusion. Both factors affect 
the rates of energy transfer and must be considered in any 
such analysis. 

1 3.4.A. Lipid Distributions around 
Gramicidin 

Gramicidin is a linear polypeptide antibiotic containing 
D-and L-amino acids and four tryptophan residues. Its 
mode of action involves increasing the permeability of 
membranes to cations and protons. In membranes, this 
peptide forms a dimer (Figure 13.23) 63 that contains a 4- A 
diameter aqueous channel which allows diffusion of cat- 
ions. The nonpolar amino acids are present on the outside 
of the helix and are thus expected to be exposed to the acyl 
side-chain region of the membrane. Hence, gramicidin 
provides an ideal model with which to examine energy 
transfer from a membrane-bound protein to membrane- 
bound acceptors. 

It was of interest to determine if membrane-bound 
gramicidin was surrounded by specific types of phos- 
pholipids. This question was addressed by measurement of 
the transfer efficiencies from the tryptophan donor to dan- 
syl-labeled phosphatidylcholine (PC), l-acyl-2-[ll-[Af- 
[5-(dimethy!amino)naphthalene- l-sulfonyI]a m i n o ] u n - 
decanoyljphosphatidylcholine. The lipid vesicles were 
composed of PC and phosphatidic acid (PA). 64 Emission 
spectra of gramicidin bound to PC-PA membranes are 
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Figure 1 3.23. Amino acid sequence (left) and structure of the membrane -bound dimer (right) of gramicidin A. In the amino acid sequence, D and 
L refer to the optical isomer of the amino acid. Revised from Ref. 63. 
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Figure 13.24. Dansyl-PC is I-acyl-2-[U-[A45-<diroethYl- 
amino)naphthalene- 1 -sulfonyl]airiino]undccanoyljphosphatidylcboline. 
Emission spectra of gramicidin and dansyl-PC in vesicles composed of 
egg PC and egg PA. ^ = 282 nm. The lipid-to-dansyl-PC ratios are 
shown on the figure. Revised and reprinted, with permission, from Ref. 
64, Copyright © 1988, American Chemical Society. 

shown in Figure 13.24. The tryptophan emission is pro- 
gressively quenched as the dansyl-PC acceptor concentra- 
tion is increased. The fact that the gramicidin emission is 
quenched by RET, rather than a collisional process, is sup- 
ported by the enhanced emission of the dansyl-PC at 520 nm. 

The decreasing intensities of the gramicidin emission 
can be used to determine the tryptophan-to-dansyl-PC 
transfer efficiencies, as shown in Figure 1 3.25. The transfer 
efficiencies are compared with the calculated efficiencies 
for a random acceptor distribution in two dimensions. 
These efficiencies were calculated for various values of 
R 0 using Eqs. [13.26] and [13.28]. The data match the 
curve calculated for the known R 0 of 24 A, demonstrating 
that the distribution of the dansyl-PC acceptors around 
gramicidin is random. If a particular lipid (PC, PE, or PA) 
was localized around gramicidin, then RET to the dansyl 
analog would exceed the calculated values. 

1 3.4.B. Distance of Closest Approach in 
Membranes 

In addition to determining the randomness of lipid distri- 
butions, it is also possible to determine the distance of 
closest approach (r c ) between a membrane- bound protein 
and an acceptor-labeled lipid. One example is the use of 
energy transfer to study skeletal protein 4.1. 65 In this case 
the protein was labeled with IAEDANS, a sulfhydryl-se- 
lective dansyl derivative. The acceptor was 3,3'- 
ditetradecyloxacarbocyanine perchlorate [di-0-Cu-(3)], 
resulting in an Ro value of 57 A. Emission spectra are 




DANSYL-PC / PHOSPHOLIPID 
(mole ratio) *10 3 



Figure 1 3.25 . Efficiency of energy transfer from gramicidin to dansyl- 
PC as a function of dansyl -PC/phospholipid ratio. The experimental 
points (•) were calculated from the tryptophan quenching data, and the 
solid curves were calculated for a random array of donors and acceptors 
in two dimensions with Rq = 22, 23, 24, 25, and 26 A. A value of/*o = 
24 ± 1 A gave the best fit to the experimental data. Revised and reprinted 
with permission from Ref. 64, Copyright © 1988, American Chemical 
Society. 

shown in the upper panel of Figure 1 3.26 for the donor-la- 
beled, acceptor-labeled, and doubly labeled samples as 
well as the unlabeled sample. The latter spectrum illus- 
trates the need for recording the emission spectra of control 
samples that do not contain the fluorophores. Depending 
on the wavelength, the background signal can vary from 
20 to nearly 100% of the measured intensity. 

In the presence of increasing amounts of acceptor-la- 
beled lipid, the donor-labeled protein is quenched (Figure 
13.26, bottom). The fact that the shape of the donor emis- 
sion spectrum is changing indicates that part of the donor 
quenching is due to inner filtering by the acceptor absor- 
bance. These data were used to determine the transfer 
efficiencies to the lipid-bound cyanine dye (Figure 13.27). 
In this case, the predicted transfer efficiencies were ob- 
tained from a simple numerical table 54 which provides a 
biexponential approximation for various values of r^o. 
Use of this table circumvents the need for numerical inte- 
gration of Eqs. [13.26] and [13.28]. 

The transfer efficiencies are compared with the calcu- 
lated curves for various distances of closest approach. As 
the distance of closest approach becomes larger, the calcu- 
lated transfer efficiency decreases. The data indicate that 
the acceptor cannot be closer than 77 A from the donor-la- 
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Figure 13.26. Top: Emission spectra of skeletal protein 4.1 and of 
donor-labeled acceptor-labeled, and doubly labeled samples. The donor 
is IAEDANS and the acceptor is diO-C l4 -(3). Bottom: Emission spectra 
of IAEDANS-labeled skeletal protein 4. 1 in the presence of lipid-bound 
diO-Cu-(3) acceptor. The lipid concentration was 55.4uAf, and the 
acceptor concentrations are shown on the figure. Excitation was at 334 
nm. Revised from Ref. 65. 



beled site and that the donor-labeled site in skeletal protein 
4. 1 is located deep in the protein. These results suggested 
that other domains in the protein prevent closer approach 
of the acceptor. 63 There have been many other reports on 
energy transfer in membranes, only a few of which can be 
cited here. 66 - 69 

1 3.4.C. Membrane Fusion and Lipid 
Exchange 

Energy transfer has been widely used to study fusion 
and/or aggregation of membranes. These experiments are 
shown schematically in Figure 13.28. Suppose that a ves- 
icle contains donor and a surface density of acceptor 
adequate to quench the donor. As seen from Figure 13.21, 
the acceptor density does not need to be large. Any process 
which dilutes the donor and acceptors from the initially 
labeled vesicles will result in less energy transfer and 
increased donor emission. For example, if the D-A-la- 
beled residues fuse with an unlabeled vesicle, the acceptor 
becomes more dilute and the donor intensity increases 
(Figure 13.28, top). Alternatively, the donor may display a 
modest water solubility adequate to allow exchange be- 
tween vesicles (Figure 13.28, left). Then some of the 
donors will migrate to the acceptor-free vesicles, and again 
the donor fluorescence will increase. It is also possible to 
trap a water-soluble fluorophore-quencher pair inside the 
vesicles. Upon fusion, the quencher can be diluted and/or 
released. A wide variety of different procedures have been 
proposed, 70 " 74 but most rely on these simple proximity 
considerations. 
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ACCEPTOR SURFACE DENSITY 
(acceptors /A 2 ) * 10 5 

Figure 13.27. RET efficiency from IAEDANS-labeled skeletal protein 
4.1 to a lipid-bound cyanine dye. The dashed lines are the predicted 
transfer efficiencies for various distances of closest approach, calculated 
according to Ref. 54. Revised from Ref. 65. 



1 3.5. ENERGY TRANSFER IN SOLUTION 

Energy transfer also occurs for donors and acceptors ran- 
domly distributed in three-dimensional solutions. In this 
case the theory is relatively simple. Following 5-function 
excitation, the intensity decay of the donor is given by 



/D(0 = /&exp 



f-V /2 



{13.29] 



with y-A/Ao, where A is the acceptor concentration. If 
Ro is expressed in centimeters, the value of Ao in moles per 
liter is given by 



A 0 = 



3000 



[13.30] 



The relative steady-state quantum yield of the donor is 
given by 
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Figure 1 3.28. Lipid exchange and membrane fusion assays based on energy transfer. Exchange of the donor or acceptor to unlabeled vesicles or 
fusion of D-A-labeled vesicles with unlabeled vesicles results in dilution of the D-A pairs and increased donor intensities. 



^^l-ViTYexp^Hl-erfCy)] 



[13.31] 



where 



erf W=^J ex P(-^)^ 113.32] 



These expressions are valid for immobile donors and ac- 
ceptors for which the orientation factor is randomized by 
rotational diffusion (K 2 = |). For randomly distributed 
acceptors, 3 where rotation is much slower than the donor 
decay, k 2 = 0.476. Still more complex expressions are 
necessary if the donor and acceptor diffuse during the 
lifetime of the excited state (Chapters 14 and 15). The 
complex decay of donor fluorescence reflects the time- 
dependent population of D-A pairs. Those donors with 
nearby acceptors decay more rapidly, and donors more 
distant from acceptors decay more slowly. 

The term Aq is called the critical concentration and 
represents the acceptor concentration that results in 76% 
energy transfer. This concentration, in moles per liter (M), 
can be calculated from Eq. [13.30] or from a simplified 
expression, 12 



A 0 = 447/Rl 



[13.33] 



where Ro is in units of angstroms. This reveals an important 
feature of energy transfer between unlinked donors and 
acceptors, which is that the acceptor concentrations need 
to be rather high for RET between unlinked donor and 
acceptors. For instance, if Ro = 25 A, then Aq = 0.029A/ = 
29mA/. This is why we usually ignore energy transfer 
between donors and acceptors in different linked D-A 
pairs. However, it is important to consider inner filter 
effects when one is comparing intensity values. The high 
acceptor concentrations needed for RET in solution also 
make such measurements difficult The high acceptor con- 
centrations result in high optical densities, requiring front- 
face observation and careful correction for inner filter effects. 

13.5.A. Diffusion-Enhanced Energy 
Transfer 

To this point, we have not considered the effects of diffu- 
sion on the extent of energy transfer. This is a complex 
topic, and typically numerical methods are required for 
simulations and analysis of these effects. However, one 
simple case is that in which the donor decay times are very 
long so that diffusive motions of the donors result in their 
sampling of the entire available space. This is called the 
rapid-diffusion limit. 78 With fluorophores displaying 
nanosecond decay times, this limit is not obtainable. How- 
ever, lanthanides are known to display much longer decay 
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times— near 0.6-2.5 ms for terbium and europium, ' 
depending upon the ligands. In relatively fluid solution, the 
long donor decay times allow the excited donor molecule 
to diffuse through all available space. The rate of transfer 
then becomes limited by the distance of closest approach 
between donors and acceptors. Suppose that an acceptor is 
buried in a protein or a membrane. One can determine the 
depth of the acceptor from the extent of energy transfer to 
the acceptor from terbium or europium chelates in the 
aqueous phase. Another important feature of energy trans- 
fer in the rapid-diffusion limit is that it occurs at much 
lower acceptor concentrations. 78 For a homogeneous 
three-dimensional solution, energy transfer is 50% effi- 
cient at acceptor concentrations near luAf, which is 1000- 
fold lower than for energy transfer without diffusion. 12 
This topic is described in detail in Section 15.4. 



1 3.6. REPRESENTATIVE Kb VALUES 

It is often convenient to have an estimate of an Ro value 
prior to performing the complex calculation of the overlap 
integral or labeling of the macromolecule. Unfortunately, 



Table 1 3.3. Representative Forster Distances for Various 
Donor-Acceptor Pairs** 



Table 1 3.4. Forster Distances for Tryptophan-Acceptor 
Pairs' 



Donor 


Acceptor 


/Co (A) 


Reference 


Naphthalene 


Dansyl 


22 


12 


Dansy) 


FITC 


33-41 


82 


Dansyl 


ODR 


43 


12 


e-A 


NBD 


38 


12 


IAF 


TMR 


37-50 


12 


Pyrene 


Coumarin 


39 


12 


FITC 


TMR 


49-54 


12 


1AEDANS 


FITC 


49 


12 


IAEDANS 


IAF 


46-56 


12 


IAF 


EIA 


46 


12 


BODIPY 


BODIPY 


57 


21 


BPE 


Cy5 


72 


12 


Terbium 


Rhodamine 


65 


23 


Europium 


Cy5 


70 


79 


Europium 


APC 


90 


83 



''Values &rc from Refs. 12, 20, 23, 79, 82, and 83, which should be consulted for 
further details. 

^Abbreviations: Dansyl, 5-dimdhylamino- 1 -naphthalenesulfonic acid; e-A, 1-Ar - 
ethenoadenosine; IAF, 5-(iodoacetamido)fluorescein; FITC. fluorescein 5- 
isothiocyanate; IAEDANS. 5-(((2-io<ioacetyl)amirK>)cthyl)ainino) naphthoic ne- 
1 -sulfonic acid; CF. carboxyfluorescein, succinimidyl ester; BODIPY. 4,4-di- 
fluoro-4-bora-3a,4a-diaza-s-indacene; BPE, B-phycoeryihrin; ODR, octadecyl- 
rhodamioe; NBD. 7-nitrobenz-2-oxa-l,3-diazol-4-yl; TMR, 
tetramethylihodamine; EIA, 5-(iodoacetetamido)eosin; TR, Texas Red; CyS. 
(art»xyir«thyUnc^yamne-MhydroxysucciiumidyI ester, APC, allophycocy- 



Acceptor* 


Ko(A) 


Nitro benzoyl 


lo 


Dansyl 


2.1— dft 


IAEDANS 


Lt 


Anthroyloxy 


24 


TNB 


24 


Anthroyl 


25 


TyT-NOj 


26 


Pyrene 


28 


Heme 


29 


NBS 


30 


DNBS 


33 


DPH 


40 



"From Ref. 12. 

^Abbreviations: Dansyl. 5-dimethylaimno-l -naphthalenesulfonic acid; 
IAEDANS. 5-(((24ock)acetyl)amiD0)ethyl)anuno)na4)hthalei^l-sulfc^c acid; 
TNB, trinitrophenyl; NBS, nitrobenzenesulfenyl; DNBS, dinitrobenzenesulfonyl; 
DPH, ! ,6-diphenyl- 1 ,3,5-hexatriene. 



there is no general reference for the Forster distances. A 
larger number of Ro values are summarized in a book by 
Berlman, 81 but most of the listed fluorophores are not used 
in biochemistry. A large number of Forster distances have 
been summarized in a recent review, 12 and useful examples 
with spectra are given in a review by Fairclough and 
Cantor. 82 Some of these Ro values are summarized in Table 
13,3 for a variety of D-A pairs and in Table 13.4 for 
tryptophan D-A pairs. In the case of lanthanides in envi- 
ronments where the quantum yield is near unity, and for a 
muitichfomophore acceptor, Ro values as large as 90 A 
have been calculated. 82 This is the largest Forster distance 
reported to this time. 
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PROBLEMS 

13.1. Calculation of a Distance from the Transfer Efficiency : 
Use the emission spectra in Figure 13.29 to calculate the 
distance from the indole donor to the dansyl acceptor. 
Assume that there is a single D-A distance and that 
diffusion does not occur during the donor excited-state 
lifetime. The Forster distance Rq = 25.9 A, and the donor- 
alone lifetime is 6.8 ns. What is the D-A distance? What 
is the donor lifetime in the TUD D-A pair? 

13.2. Measurement of RET Efficiencies (E)from Fluorescence 
Intensities and Lifetimes: Use Eq. [13.11] to derive the 
expressions for E based on intensities (Eq. [13.14]) or 
lifetimes (Eq. [13.13]). 

13.3. Distance Dependence of Energy Transfer The theory of 
Forster states that the rate of energy transfer depends on 
1/r 6 , where r is the donor-to-acceptor distance. This pre- 
diction was tested experimentally using naphthyl donors 
and dansyl acceptors linked by rigid polyprolyl spacers 
(Figure 13.30). Figure 13.31 shows the excitation spectra 
for this series of D-A pairs. Assume that each polyprolyl 
spacer contributes 2.83 A to the spacing and that the D-A 
distance ranges from 12 A (n = 1) to 46 A (n = 12). 

Use the excitation spectra to demonstrate that k T de- 
pends on Vr 6 . Note that the dansyl acceptor absorbs 
maximally at 340 nm and the naphthyl donor has an 
absorption maximum at 290 nm. Excitation spectra were 
recorded with the emission monochromator centered on 




WAVELENGTH (nm) 

Figure 13.29. Emission spectra of a donor control (TMA) and a 
donor-acceptor pair (TUD) in propylene glycol at 20 °C. DUA is a 
dansyl-labeled fatty acid, which is the acceptor-only control sample. 
Revised from Ref. 84. 
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n-1 tol2 



Figure 1 3.30. Structure of dansyl-(L-prolyl) n -a-naphthyl used for de- 
termining the effects of distance on energy transfer. Revised from Ref. 
14. 

the dansyl emission near 450 nm. What is Ro for this D-A 
pair? 

1 3.4. Effect of Spectral Overlap on the Rate of Energy Transfer. 
Haugland et al 18 investigated the effect of the magnitude 
of the spectral overlap integral on the rate of fluorescence 
energy transfer. For this study, they employed the steroids 
shown in Figure 13.32. They measured the fluorescence 
lifetimes of compounds I and II. The indole moiety is the 
donor which transfers energy to the ketone acceptor. Both 
the absorption spectrum of the ketone and the emission 




10 320 360 400 
EXCITATION WAVELENGTH (nm) 



Figure 13.31. Excitation spectra of dansyl-(L-prolyl) fl -a-naphthyl 
molecules. Spectra are shown for dansyl-L-prolyl-hydrazide (»•), dan- 

syl-L-prolyl-ct-naphthyl ( ). and dansyl-(L-prolyl) n -a-naphthyl 

( ) t n - 5, 7, 8, 10, and 12. Emission was detected at the dansyl 

emission maximum near 450 nm. Revised from Ref. 16. 
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CH 3 OH 




n 



in 



nw h 

Figure 1 3.32. Structure of the rigid steroid donor-acceptor pair (I), the 
steroid containing the donor alone (II), and the steroid containing the 
acceptor alone (III). Indole is the donor and the carbonyl group is the 
acceptor. Revised from Ref. 18. 



Table 13.5. Fluorescence Spectral Properties of 
Compounds I and II in a Series of Solvents 3 



Solvent 


x(ns) 

I 


II 




J (cm 6 /mmol x 
10 19 ) 


Methanol 


5.3 


5.6 


1,331 


1,5 


Ethanol 


5.6 


6.5 


1.362 


3.0 


Dioxane 


3.6 


5.4 


1.423 


13.0 


Ethyl acetate 


3.3 


4.7 


1.372 


12.8 


Ethyl ether 


2.1 


4.5 


1.349 


30,0 


Heptane 


1.1 


2.8 


1.387 


60.3 


°From Ref. 18. 



spectrum of the indole are solvent-sensitive. Specifically, 
the emission spectrum of the indole shifts to shorter wave- 
lengths and the absorption spectrum of the ketone shifts 
to longer wavelengths as the solvent polarity decreases 
(Figure 13.33). These shifts result in increasing spectral 
overlap with decreasing solvent polarity. 

Use the data in Table 13.5 to demonstrate that k T is 
proportional to the first power of the extent of spectral 
overlap (J). 

13.5. Calculation of a Forster Distance: Calculate the Fbrster 
distance for the try ptophan-to-dansyl donor-acceptor pair 
shown in Figure 13.8. The quantum yield of the donor is 
0.21. 

13.6. Optical Assay for cAMP: The effect of cAMP on the 
donor- and acceptor-labeled protein kinase (Figure 13.15) 
suggests its use for measuring cAMP. Derive an expres- 
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Figure 1 3.33. Overlap of emission spectrum of the indole donor (II) with the absorption spectrum of the carbonyl acceptor (III). Revised from Ref. 



18. 
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Figure 1 3 34. Distance dependence of the energy 



transfer efficiencies in dansyl-(L.propyl) n -a-naphthyU n = 1-12. Revised from Ref. 16. 



sion relating the ratio of donor to acceptor intensities to 
the protein kinase-cAMP dissociation constant Assume 
that the donor and acceptor quantum yields are unchanged 
upon binding of cAMP. except for the change in energy 
transfer Explain any advantages of an assay based on 
intensity ratios rather than direct intensity measurements. 
13.7. Characteristics of a Cbsefy Spaced D-A Pair. Assume 
that you have isolated a protein which contains a single 
tryptophan residue and binds dinitrophenol (DNP) in the 
active site. The absorption spectrum of DNP overlaps with 
the emission spectrum of the tryptophan residue. Assume 
Rq = 50 A and that DNP is not fluorescent. The fluores- 
cence intensities of the tryptophan residue are 20.5 and 4. 1 
in the absence and presence of DNP, respectively, after 
correction for the inner filter effects due to the DNP 
absorption. 

A. What is the energy transfer efficiency? 

B. Assume that the unquenched lifetime is 5 ns. What is 
the expected lifetime in the presence of DNP? 

C. What is the energy transfer rate? 

D. What is the distance between the tryptophan and the 

DNP? 

E. Assume that the solution conditions change so that 
the distance between the tryptophan and the DNP is 
20 A. What is the expected intensity for the trypto- 
phan fluorescence? 

F. For this same solution (r = 20 A), what would be the 
effect on the fluorescence intensity of a 1 % impurity 
of a second protein which did not bind DNP? Assume 
that this second protein has the same lifetime and 
quantum yield as the protein under investigation. 



G. What lifetime would you expect for the sample which 
contains the impurity? Would this lifetime provide 
any indication of the presence of an impurity? 

13.8. Effect of* 2 on the Range of Possible Distances: Suppose 
you have a donor- and acceptor-labeled protein which 
displays the following steady-state anisotropics: 




io 7 

10 



-19 



io -18 io" 
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Figure 13.35. Dependence of the rate of energy transfer on the mag- 
nitude of the overlap integral. Revised from Ref. 18. 
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F luorophore T (ns) r D or r A r 0 

Donor-alone control 5 0.1 0.4 

Acceptor 15 0.05 0.4 



Using an assumed value of K 2 = |, the D-A distance was 
calculated to be 25 A. Ro is also equal to 25 A. Assume 
that the protein displays a rotational correlation time of 5 
ns. Use the data provided to calculate the range of dis- 
tances possible for the D-A pair. 

1 3.9. Effect of Acceptor Underlabeling on the Calculated Trans- 
fer Efficiency: Suppose that you have a presumed D-A 
pair. In the absence of acceptor, the donor displays a 
steady-state intensity Fp = 1.0, and in the presence of 
acceptor, F DA = 0.5. Calculate the transfer efficiency as- 
suming that the fractional labeling with acceptor (f A ) is 1 .0 
or 0.5. How does the change in f A affect the calculated 
distance? 

1 3. 10. FRET Efficiency from the Acceptor Intensities: Derive Eq. 
[13.25] for the case in which donor labeling is complete; 



fp = 1.0. Also derive Eq. [13.25] for the case in which 
donor labeling is incomplete (fp < 1). 

13.11. Correction for Overlapping Donor and Acceptor Emis- 
sion Spectra: Equation [13.25] does not consider the pos- 
sible contribution of the donor emission at the wavelength 
used to measure acceptor fluorescence (X A ). Derive an 
expression for the enhanced acceptor fluorescence when 
the donor emits at X A . Explain how the apparent transfer 
efficiency, calculated without consideration of the donor 
contribution, would be related to the true transfer effi- 
ciency. 

13.12. Effect of non-RET quenching: Suppose that you have a 
protein with a single tryptophan residue. Assume also that 
the protein noncovalently binds a ligand which serves as 
a RET acceptor for the tryptophan residue and that the 
acceptor site is allosterically linked to the donor site such 
that acceptor binding induces an additional rate of donor 
quenching, k qf in addition to k T . 

What is the apparent transfer efficiency upon acceptor 
binding in terms of *r. and V Is aPP 31 * 111 
(E D ) smaller or larger than the true value (£)? 
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